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(54) Slab waveguide and method of manufacturing the slab waveguide 



(57) A slab-type photonic crystal arranged to reduce 
the coupling loss in coupling to an optical fiber and to 
satisfy single-mode conditions. The photonic crystal has 
a slab having a plurality of slab refractive index portions 
and vacancies formed between the slab refractive index 



Fig. I 



portions. The number, shape, size and refractive index 
of the slab refractive index portions and the number and 
shape of the vacancies are selected so that when a 
beam of light entering the waveguide expands to a max- 
imum extent, the size of the beam in the slab thickness 
direction does not exceed the slab thickness. 
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Description 

BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001] The present invention relates to a slab 
waveguide constituted by a photonic crystal, having a 
refractive index distribution in the film thickness direc- 
tion, and used in an optical planar circuit, and to a meth- 
od of manufacturing the slab waveguide. 

Related Art of the Invention 

[0002] FIGS. 21 (a) and 21 (b) show slabwaveguides 
with a substrate, which are examples of a first conven- 
tional slab waveguide, and each of which is constituted 
by a photonic crystal. 

[0003] The slab waveguide shown in FIG. 21(a) is 
constituted by a substrate 201 and a slab-type photonic 
crystal 200 forming a slab 203 on the substrate 201 . Cy- 
lindrical vacancies 202 are formed in the slab 203. The 
vacancies 202 extend in the thickness direction of the 
slab 203 and are two-dimensionally and periodically ar- 
ranged parallel to the substrate 201 . The slab 203 is uni- 
form in refractive index. The refractive index of the slab 
203 is larger than that of the substrate 201 . The thus- 
formed slab-type photonic crystal 200 used as a slab 
waveguide is capable of reducing the speed of light 
propagating in the slab waveguide, dispersing the wave- 
length of light, or deflecting the direction of traveling of 
light. 

[0004] Propagation of light in a photonic crystal has 
been discussed by using as the refractive index of a pho- 
tonic crystal the effective refractive index defined as the 
volumetric ratio of the refractive indices of a plurality of 
materials periodically arranged. Such macroscopic dis- 
cussion is effective in a case where the refractive index 
period is sufficiently smaller than the wavelength of light, 
because light behaves according to the average of re- 
fractive indices. In a case where the refractive index pe- 
riod is close to the wavelength of light, however, light 
behaves according to each of refractive indices and, 
therefore, it is necessary to make microscopic discus- 
sion such as to treat each of different refractive index 
materials periodically arranged. 
[0005] Actually, in a macroscopic discussion, it is con- 
templated that if a substrate 201 having a refractive in- 
dex lowerthan the effective refractive index obtained by 
averaging the refractive index of vacancies 202 and the 
refractive index of the slab 203 is used, light propagates 
through the above-described slab-type photonic crystal 
200. However, according to a microscopic discussion, 
light 204 incident upon the slab-type photonic crystal 
200 in the slab waveguide with such a substrate propa- 
gates through a slab 203 portion periodically formed and 
having a refractive index higher than that of the sub- 
strate 201 , but diffused light 206 in the vacancy portions 



202 leaks to the substrate 201 side because the reflec- 
tive index of the vacancies 202 is lower than that of sub- 
strate 201 , and only part of diffused light 206 can prop- 
agates through the vacancies 202 . In this case, the 
s amount of light 205 emergent from the above-described 
slab-type photonic crystal 200 is substantially zero. 
[0006] Also in the case of a slab waveguide with a 
substrate in which, as shown in FIG. 21(b), substrate 
vacancies 207 are provided by extending the vacancies 
io 202 in the substrate 201 to reduce the effective refrac- 
tive index of the substrate 201 portion, light does not 
propagate through the slab-type photonic crystal 200. 
[0007] FIGS. 21 (c) and 21 (d) show slab waveguides 
with no substrate, which are examples of a second con- 
's ventional slab waveguide, and each of which is consti- 
tuted by a photonic crystal. 

[0008] Each of the slab waveguides shown in FIGS. 
21(a) and 21(b) is constituted by a slab-type photonic 
crystal 200. The slab-type photonic crystals 200 of these 
slab waveguides are formed in the same manner except 
that they differ in thickness from each other. In each 
slab-type photonic crystals 200, cylindrical vacancies 
202 are formed. The vacancies 202 extend in the thick- 
ness direction of the slab 203 and are two-dimensionally 
and periodically arranged parallel to the major surfaces 
of the slab 203. The slab 203 is uniform in refractive in- 
dex. 

[0009] In a case where a slab waveguide is constitut- 
ed only by the above-described slab photonic crystal 
200 with no substrate, the slab photonic crystal 200 be- 
haves like a lens waveguide, slab portions having a 
higher refractive index act as a lens, and leakage by dif- 
fusion does not occur in the vacancies 202 having a low- 
er refractive index. As a result, incident light 204 prop- 
agates in the slab-type photonic crystal 200 without dif- 
fusing. 

[0010] If different film thicknesses such as shown in 
FIGS. 21(c) and 21(d) are set, different states of prop- 
agation of light are exhibited. In a case where the film 
thickness shown in FIG. 21 (c) is about several microns 
or less, light is reflected at the boundary in the slab thick- 
ness direction between air and the slab 203 portion hav- 
ing a higher refractive index so as to propagate in a light 
multimode propagation manner. To satisfy single-mode 
conditions, therefore, it is necessary to set theslab thick- 
ness to 1 u.m or less. In this case, there is no problem 
with propagation in the slab-type photonic crystal 200, 
but the coupling loss in coupling to an optical fiber hav- 
ing a core diameter of about 8 urn is large because of a 
difference in mode field diameter from the optical fiber. 
[0011] On the other hand, in a case where the film 
thickness shown in FIG. 21(d) is large, about 10 urn, 
light is not reflected at the boundary in the slab thickness 
direction between air and the slab 203 portion having a 
higher refractive index. In this case, therefore, the slab 
waveguide is formed as an ideal lens waveguide and 
the propagation of light is single-mode propagation. Al- 
so, since there is no difference in mode field from the 
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optical fiber, the coupling loss in coupling to the optical 
fiber is small. In this case, however, it is necessary to 
make vacancies having a period close to that of light 
with respect to a film thickness of 10 urn or more, i.e., 
an aspect ratio of 50 or more. At the present time, it is 
extremely difficult to realize such a high aspect ratio. 
[0012] In either of the cases shown in FIGS. 21 (c) and 
21(d), there is a need to reinforce the slab by some 
means in putting the slab waveguide to practical use and 
there is also a need to achieve a device design by con- 
sidering use of a member corresponding to a substrate. 
[0013] The invention disclosed in Japanese Patent 
Laid-open No. 2001 -337236 is equivalentto an arrange- 
ment in which the vacancies 202 shown in FIG. 21(a) 
are filled with a material having a refractive index lower 
than that of the slab 203, and in which the upper clad 
layer in an upper portion of the slab and a lower clad 
layer (substrate) 201 are formed of a material having a 
refractive index lower than that of the material filling the 
vacancies. In this arrangement, light is totally reflected 
at the clad layer boundary as seen from a microscopic 
viewpoint and, accordingly, light is guided through the 
slab. In actuality, however, no material having a refrac- 
tive index as low as that of air exists. Therefore, it is not 
possible to set between the slab and vacancies a refrac- 
tive index difference sufficient for enabling the photonic 
crystal to operate sufficiently effectively. 
[0014] In the case of slab-type photonic crystals such 
as those in the above-described conventional arts in 
which vacancies are periodically formed in a slab uni- 
form in refractive index, it is difficult to satisfy all of con- 
ditions (1) to (3) shown below. 

(1) The mode field diameter is close to that of an 
optical fiber. 

(2) Single-mode conditions are satisfied, as are 
those in the case of an ideal lens waveguide. 

(3) The slab waveguide has a strength such as to 
be capable of being put to practical use. 

[0015] In the arrangements according to the conven- 
tional methods, the refractive index of the substrate is 
higher than that of the vacancies in the photonic crystal 
and, therefore, a leak of light from the vacancies occurs 
and light cannot propagate. The arrangement using no 
substrate and free from leakage of light entails, for sat- 
isfaction of single-mode conditions, the need to set the 
film thickness of the slab to a small value of 1 jim or less 
or to an increased value of 10 urn or greater. If the film 
thickness of the slab is reduced, coupling to an optical 
fiber is difficult. If the film thickness of the slab is in- 
creased, it is difficult to fabricate the slab waveguide. 
Moreover, the strength of the slab in a single state is so 
low that the slab waveguide is incapable of being put to 
practical use. 



SUMMARY OF THE INVENTION 

[0016] The 1 st aspect of the present invention is a slab 
waveguide comprising a two-dimensional crystal grat- 
s ing having columnar members having a refractive index 
different from the refractive index of a slab and two-di- 
mensionally and periodically arranged along a surface 
of the slab, wherein the refractive index of a slab refrac- 
tive index portion other than said columnar members in 
io the slab, the number, the shape and the refractive index 
of said columnar members in the slab are selected so 
that when a beam of light entering the slab waveguide 
expands to a maximum extent, the size of the beam in 
the slab thickness direction does not exceed the slab 
is thickness. 

[0017] The 2 nd aspect of the present invention is the 
slab waveguide according to the 1 st aspect of the 
present invention, wherein the refractive index of said 
slab refractive index portion in a direction perpendicular 
to the slab surface is maximized at a predetermined por- 
tion other than end portions in the slab refractive index 
portion, and is not increased with the increase in dis- 
tance from the predetermined portion. 
[001 8] The 3 rd aspect of the present invention is the 
slab waveguide according to the 2 nd aspect of the 
present invention, wherein the refractive index of said 
slab refractive index portion in the direction perpendic- 
ular to the slab surface is distributed symmetrically 
about the predetermined portion. 
[0019] The 4 th aspect of the present invention is the 
slab waveguide according to the 3 rd aspect of the 
present invention, wherein the refractive index of said 
slab refractive index portion in the direction perpendic- 
ular to the slab surface is reduced in accordance with a 
quadratic function or a approximately quadratic function 
of the distance from the predetermined portion. 
[0020] The 5 th aspect of the present invention is the 
slab waveguide according to the 3 rd aspect of the 
present invention, wherein the predetermined portion is 
a region of a predetermined length other than the end 
portions in said slab refractive index portion, and the re- 
fractive index of said slab refractive index portion in the 
direction perpendicular to the slab surface is substan- 
tially constant in the region having the predetermined 
length other than the end portions in said slab refractive 
index portion and is reduced in accordance with a quad- 
ratic function or a approximately quadratic function of 
the distance from an end of the region having the pre- 
determined length. 

[0021] The 6 th aspect of the present invention is the 
slab waveguide according to the 4 th or the 5 th aspects 
of the present invention, wherein a refractive index dis- 
tribution constant relating to the refractive index of the 
portion in which the refractive index is reduced in ac- 
cordance with the quadratic function or the approxi- 
mately quadratic function of the distance is 1 mm- 1 or 
greater. 

[0022] The 7 th aspect of the present invention is the 
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slab waveguide according to the 4 th or the 5 th aspects 
of the present invention, wherein a refractive index dis- 
tribution constant relating to the refractive index of the 
portion in which the refractive index is reduced in ac- 
cordance with the quadratic function or the approxi- 
mately quadratic function of the distance is such avalue 
that the total optical path length is defined by an optical 
integer multiple pitch of 0.5. 

[0023] The 8 th aspect of the present invention is the 
slab waveguide according to the 4 th or the 5 th aspects 
of the present invention, wherein a refractive index dis- 
tribution constant relating to the refractive index of the 
portion in which the refractive index is reduced in ac- 
cordance with the quadratic function or the approxi- 
mately quadratic function of the distance is such avalue 
that the sum of an incidence-side focal distance and an 
emergence-side focal distance of said slab refractive in- 
dex portion is equal to the length of a constituent unit 
formed by said slab refractive index portion and said co- 
lumnar members. 

[0024] The 9 th aspect of the present invention is the 
slab waveguide according to the 1 st aspect of the 
present invention, wherein at least one of boundary sur- 
faces between said slab refractive index portion and 
said columnar members has a curved surface. 
[0025] The 1 0 th aspect of the present invention is the 
slab waveguide according to the 9 th aspect of the 
present invention, wherein the boundary surface be- 
tween said slab refractive index portion and said colum- 
nar members has a curved surface in the thickness di- 
rection of the slab. 

[0026] The 1 1 th aspect of the present invention is the 
slab waveguide according to the 9 th aspect of the 
present invention, wherein the boundary surface be- 
tween said slab refractive index portion and said colum- 
nar members has a flat surface in a region having a pre- 
determined length other than end portions in said slab 
refractive index portion, and has curved surfaces in the 
film thickness direction of the slab outside the region 
having a predetermined length. 
[0027] The 1 2 th aspect of the present invention is the 
slab waveguide according to the 10 th orthe 11 th aspects 
of the present invention, wherein the radius of curvature 
of the curved surface is such a value that the sum of an 
incidence-side focal distance and an emergence-side 
focal distance of said slab refractive index portion is 
equal to the length of a constituent unit formed by said 
slab refractive index portion and said columnar mem- 
bers. 

[0028] The 13 th aspect of the present invention is the 
slab waveguide according to the 12 th aspect of the 
present invention, wherein the radius of curvature of the 
curved surface is such a value that the sum of an inci- 
dence-side focal distance and an emergence-side focal 
distance of said slab refractive index portion are equal 
to each other. 

[0029] The 14 th aspect of the present invention is the 
slab waveguide according to the 1 0 th or the 1 1 th aspects 



of the present invention, wherein the radius of curvature 
of the curved surface is 0.1 urn or greater. 
[0030] The 15 th aspect of the present invention is a 
method of manufacturing a slab waveguide, comprising 
5 a lamination step of forming a laminate by laminating a 
plurality of films differing in refractive index from each 
otherand each having holes formed therein, while align- 
ing the holes of the films, 

wherein a film portion of the laminate functions as 
io a slab, and each of portions corresponding to the holes 
in the films functions as a columnar member. 
[0031 ] The 1 6 th aspect of the present invention is the 
method of manufacturing a slab waveguide according 
to the 1 5 th aspect of the present invention, wherein one 
15 of the films having the highest refractive index is placed 
at a position other than end portions of the laminate, and 
the other films are successively laminated outwardly 
from the position of the film having the highest refractive 
index in decreasing order of refractive index. 
[0032] The 1 7 th aspect of the present invention is the 
method of manufacturing a slab waveguide according 
to the 15 th aspect of the present invention, wherein said 
lamination step includes irradiating a surface of each of 
the plurality of films with single-wavelength light applied 
perpendicular to the surface of the film when the film Is 
laminated on the laminate, and aligning the position of 
the holes of the films in the film thickness direction by 
positioning the laminated film on the basis of interfer- 
ence light from the laminate. 

[0033] The 1 8 th aspect of the present invention is a 
method of manufacturing a slab waveguide, comprising: 

a lamination step of forming a laminate by laminat- 
ing a plurality of films differing in refractive index 
from each other; and 

a columnar member forming step of forming holes 
in the laminate formed in said lamination step, 

wherein a film portion of the laminate functions as 
a slab, and each of portions corresponding to the holes 
in the films functions as a columnar member. 
[0034] The 1 9 th aspect of the present invention is the 
method of manufacturing a slab waveguide according 
to the 18 th aspect of the present invention, wherein said 
lamination step includes: 

a thick film laminate forming step of forming a re- 
fractive index distributed thick filmlaminate by lam- 
inating thick films differing in refractive index from 
each other in such a manner that the refractive in- 
dex is maximized in a portion other than end por- 
tions of the laminate; and 
a pressing step of pressing the refractive index dis- 
tributed thick film laminate in the direction of lami- 
nation until the thickness of the refractive index dis- 
tributed thick film laminate becomes equal to a de- 
sired thickness. 
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[0035] The 20 th aspect of the present invention is the 
method of manufacturing a slab waveguide according 
to the 19 th aspect of the present invention, wherein, in 
said pressing step, the refractive index distributed thick 
film laminate is weighted down by being pinched be- 
tween two members having surfaces which are not par- 
allel to each other at least in a restricted region. 
[0036] The 21 st aspect of the present invention is the 
method of manufacturing a slab waveguide according 
to the 20 th aspect of the present invention, wherein said 
two members comprise a first member having a horizon- 
tal flat surface, and a second member having a flat sur- 
face or a curved surface such that the distance from the 
flat surface of the first member changes monotonously 
with respect to a direction parallel to the flat surface of 
the first member. 

[0037] The 22 nd aspect of the present invention ia a 
method of manufacturing aslab waveguide, comprising: 

a refractive index distribution forming step of form- 
ing a refractive index distribution in a film-like slab 
blank by causing ions to move into and out of the 
film-like slab blank through upper and lower surfac- 
es of the film-like slab blank; and 
a columnar member forming step of forming holes 
in the film-like slab blank in which the refractive in- 
dex distribution is formed, 

wherein a portion of the film-like slab blank func- 
tions as a slab, and each of portions corresponding to 
the holes functions as a columnar member. 
[0038] I n view of the above-described problems of the 
conventional slab waveguides, an object of the present 
invention is to provide a slab waveguide constituted by 
a slab-type photonic crystal, having a mode field diam- 
eter close to that of an optical fiber, satisfying single- 
mode conditions like an ideal lens waveguide, and hav- 
ing a strength high enough for practical use, and a meth- 
od of manufacturing the slab waveguide. 
[0039] To achieve the above-described object, ac- 
cording to the present invention, there is provided a 
slab-type photonic crystal having a two-dimensional 
crystal grating having vacancies formed in a slab in the 
film thickness direction of the slab and two-dimension- 
ally and periodically arranged, and constituted by a slab 
refractive index portion and columnar member portions, 
wherein the slab refractive index portion includes a max- 
imum-refractive-index portion having the maximum re- 
fractive index in a certain region within the film thickness 
of the slab and a lower-refractive-index portion in which 
the refractive index is reduced according to a quadratic 
function of the distance from the maximum-refractive- 
index portion, and wherein a refractive index distribution 
constant relating to the lower-refractive-index portion is 
1 mm" 1 or greater. 

[0040] If the slab-type photonic crystal having quan- 
dratically distributed variation in refractive index in the 
film thickness direction such that the refractive index dis- 



tribution constant is 1 mm" 1 or greater is used, light can 
propagate through the slab-type photonic crystal with- 
out leaking from the same regardless of the film thick- 
ness of the slab-type photonic crystal even if the phot- 
5 onic crystal is combined with a substrate. Also, single- 
mode conditions can be satisfied and the film thickness 
can be set so as to match the mode field diameter of an 
optical fiber. 

[0041] Methods of fabricating a slab-type photonic 
io crystal having a refractive index distribution in the film 
thickness direction are roughly grouped into the follow- 
ing two methods. 

(1) A plurality of films differing in refractive index 
'5 from each other are laminated to make a slab 
waveguide having a refractive index distribution, 
and vacancies to be two-dimensionally and period- 
ically arranged are formed in the film thickness di- 
rection. 

20 (2) Vacancies are formed in the film thickness direc- 
tion and two-dimensionally and periodically ar- 
ranged in each of a plurality of films differing in re- 
fractive index from each other, and the films are 
laminated so that the positions of the vacancies co- 

25 incide with each other, the films being laminated in 
such order that a desired refractive index distribu- 
tion is formed in the direction of lamination. 

BRIEF DESCRIPTION OF THE DRAWINGS 

30 

[0042] 

FIG. 1 is a schematic cross-sectional view of the 
construction of a slab waveguide in a first embodi- 
es ment of the present invention; 

FIG. 2 is a perspective view of the slab waveguide 
in the first embodiment of the present invention; 
FIG. 3 is a diagram showing the relationship be- 
tween a refractive index distribution constant and 
40 the total number of periods of the photonic crystal 
of the slab waveguide in the first embodiment of the 
present invention; 

FIG. 4 is a schematic cross-sectional view of the 
construction of a slab waveguide in a second em- 
45 bodiment of the present invention; 

FIG. 5 is a schematic cross-sectional view of the 
construction of a slab waveguide in a third embod- 
iment of the present invention; 
FIG. 6 is a diagram showing the relationship be- 
so tween a radius of curvature and the total number of 
periods of the photonic crystal in the slab 
waveguide in the third embodiment of the present 
invention; 

FIG. 7 is a schematic cross-sectional view of the 
55 construction of a slab waveguide in a fourth embod- 
iment of the present invention; 
FIGS. 8(a), 8(b), and 8(c) are diagrams schemati- 
cally showing the substrates of the slab waveguides 
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in the first to fourth embodiments of the present in- 
vention; 

FIGS. 9 (a), 9 (b), and 9 (c) are diagrams showing 
the outline of a first slab waveguide fabrication 
method in a fifth embodiment of the present inven- 
tion; 

FIGS. 1 0(a), 1 0(b), and 1 0(c) are diagrams showing 
the outline of a second slab waveguide fabrication 
method in the fifth embodiment of the present in- 
vention; 

FIGS. 11(a) and 11(b) are diagrams showing the 
outline of a first slab waveguide fabrication method 
in a sixth embodiment of the present invention; 
FIGS. 12(a) to 12(d) are diagrams showing the out- 
lines of slab waveguide fabrication methods in sev- 
enth to tenth embodiments of the present invention; 
FIG. 13 is a diagram showing the outline of a slab 
waveguide fabrication method in an eleventh em- 
bodiment of the present invention; 
FIG. 14 is a diagram showing the outline of a slab 
waveguide fabrication method in a twelfth embodi- 
ment of the present invention; 
FIG. 15 is a diagram showing the outline of a slab 
waveguide fabrication method in a thirteenth em- 
bodiment of the present invention; 
FIG. 16 is a diagram showing the outline of a slab 
waveguide fabrication method in a fourteenth em- 
bodiment of the present invention; 
FIGS. 17(a) to 17(f) are diagrams schematically 
showing refractive index distributions in the film 
thickness direction in the slab waveguides end sur- 
face working in the first to fourth embodiments of 
the present invention; 

FIGS. 18(a), 18(b), and 18(c) are diagrams sche- 
matically showing slab waveguides in a fifteenth 
embodiment of the present invention; 
FIGS. 19(a) and 19(b) are diagrams schematically 
showing slab waveguides in a sixteenth embodi- 
ment of the present invention; 
FIGS. 20(a), 20(b), and 20(c) are diagrams showing 
the outline of a second slab waveguide fabrication 
method (track etching) in the sixth embodiment of 
the present invention; and 
FIGS. 21(a) to 21(d) are diagrams showing exam- 
ples of conventional slab waveguides constituted 
by photonic crystals. 

Discription of Symbols 

[0043] 

1 Refractive index distributed slab 

2 Vacancy 

3 Substrate 

4 Beam trail 

5 Output-side beam waist 

6 Input-side beam waist 

7 Refractive index distributed slab-type photonic 



crystal 

31 Beam trail 

32 Input-side beam waist of refractive index distrib- 
uted slab portion corresponding to one period 

5 33 Output-side beam waist of refractive index dis- 
tributed slab portion corresponding to one period 

34 Input-side beam waist of slab-type photonic 
crystal 

35 Output-side beam waist of slab-type photonic 
10 crystal 

41 Slab refractive index portion 

42 Vacancy 

43 Substrate 

44 Beam trail 

'5 45 Incidence end surface of slab-type photonic 
crystal 

46 Emergence end surface of slab-type photonic 
crystal 

47 Slab-type photonic crystal 
20 48 Beam waist 

61 Slab refractive index portion 

62 Vacancy 

63 Input-side beam waist of slab portion corre- 
sponding to one period 

25 64 Output-side beam waist of slab portion corre- 
sponding to one period 

65 Input-side beam waist of slab-type photonic 
crystal 

66 Output-side beam waist of slab-type photonic 
30 crystal 

67 Slab-type photonic crystal 

68 Beam trail 

70 Slab-type photonic crystal 

71 Substrate 

35 72 Slab refractive index portion 

73 Vacancy 

74 Substrate with vacancies 

75 Refractive index distribution 

80 Refractive index distributed slab-type photonic 
40 crystal 

81 Film 

82 Vacancy 

83 Projection 

84 Die 

45 85 Heater 

86 Photonic crystal film 

87 Single-wavelength beam 

88 Laminated photonic crystal film 

89 Interference light 
so 90 Substrate 

91 Positioning pin 

100 Refractive index distributed slab-type photonic 
crystal 

101 Film 

55 102 Refractive index distributed slab 

1 03 Projection 

104 Die 

105 Heater 
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106 


Vacancy 




181 Through hole 


110 


Substrate 




182 Incident light 


111 


Polymer before curing 




183 Emergent light 


112 


Laminated film 




184 Multilayer refractive index distributed slab 


113 


Blade 


5 


waveguide 


114 


Spin coater 




1 90 Refractive index distributed slab 


115 


Material to be deposited 




191 Mask 


116 


Raw material source 




1 92 Ion beam 


117 


Uniform-refractive-index slab 




1 93 Track 


118 


Ionized medium (electrolytic solution) 


10 


1 94 Photonic crystal slab 


119 


Ion 




1 95 Strong alkali (NaOH) 


120 


Refractive index distributed slab waveguide 




196 Etched hole 


121 


Thick film 




201 Substrate 


122 


Base 




202 Vacancy 


123 


Pressing member 


15 


203 Slab 


124 


Flat base surface 




204 Incident light 


125 


Pressing member flat surface 




205 Emergent light 


130 


Tapered refractive index distributed slab 




206 Diffused light 




waveguide 




207 Substrate vacancy 


131 


Laminated thick film 


20 




132 


Base 




PREFERRED EMBODIMENTS OF THE INVENTION 


133 


Tapered pressing member 






134 


Flat base surface 




[0044] Embodiments of the present invention will be 


135 


Pressing member tapered surface 




described with reference to the accompanying draw- 


136 


Slab waveguide end (film thickness large) 


25 


ings. 


137 


Slab waveguide end (film thickness small) 






138 


Slab waveguide width 




(First Embodiment) 


139 


Slab waveguide height 






140 


Refractive index distributed slab waveguide 




[0045] FIG. 1 is a schematic cross-sectional view of 


141 


Laminated thick film 


30 


the construction of a slab waveguide which represents 


142 


First roller 




a first embodiment of the present invention, and FIG. 2 


142 


Second roller 




is a perspective view of the slab waveguide of the first 


150 


Refractive index distributed slab waveguide 




embodiment. In the slab waveguide of this embodiment, 


151 


Laminated thick film 




a slab-type photonic crystal is used which has variation 


152 


First fixing jig 


35 


in refractive index quadratically distributed in the film 


153 


Second fixing jig 




thickness direction as in a refractive index distribution 


160 


Quadratic curve refractive index distributed slab 




301 in a slab refractive index portion shown in FIG. 2. 


161 


Quadratic curve 




[0046] That is, in the slab waveguide of this embodi- 


162 


Hybrid refractive index distributed slab 




ment, the refractive index of a slab refractive index por- 


163 


Quadratic curve portion 


40 


tion 1 otherthan vacancy 2 portions which are columnar 


164 


Constant portion 




members in the slab, and the number, the shape and 


165 


Quadratic surface 




the refractive index of vacancies 2 formed as columnar 


166 


Non-quadratic surface 




members are selected so that when a beam of light en- 


167 


Curved surface 




tering the waveguide expands to a maximum extent, the 


168 


Non-curved surface 


45 


size of a beam of light in the slab thickness direction 


169 


Diffraction surface 




does not exceed the slab thickness. 


200 


Slab-type photonic crystal 




[0047] FIG. 3 shows the relationship between thetotal 


170 


Refractive index distributed slab waveguide 




number of periods in the slab-type photonic crystal and 


171 


Diffusing surface 




a refractive index distribution constant (A 1/2 ) selected to 


172 


Incidence surface 


50 


set the total optical path length of the slab waveguide to 


173 


Emergence surface 




such a value that the spot diameters on the incidence 


174 


Incident light 




and emergence sides are equal to each other, the total 


175 


Emergent light 




optical path length being defined by such an optical pitch 


176 


Diffused light 




as to be an integer multiple of 0.5 in a case where the 


177 


Inclined incidence surface (45°) 


55 


slab refractive index is about 1 .5. 


178 


Inclined emergence surface (45°) 




[0048] The slab waveguide of the first embodiment in 


179 


Prism coupler 




which this slab-type photonic crystal is used is consti- 


180 


Electrical substrate (multilayer) 




tuted by a substrate 3 and a slab-type photonic crystal 
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7 which forms a slab on the substrate 3, in which vacan- 
cies 2 extending in thef ilm thickness direction of the slab 
are two-dimensionally and periodically arranged, and 
which has a two-dimensional crystal grating formed by 
the above-mentioned slab refractive index portion 1 and 
the vacancies 2, as shown in FIGS. 1 and 2. That is, the 
slab waveguide of this embodiment has a structure in 
which vacancies having a refractive index different from 
that of the slab are two-dimensionally and periodically 
arranged in the slab along slab surfaces. Also, the re- 
fractive index (n) of the slab as seen along the film thick- 
ness direction is defined by a maximal point (n 0 ) of the 
refractive index, a distance (r) from the maximal point 
and the refractive index distribution constant (A 1/2 ) not 
smaller than 1 mm -1 over the film thickness of the slab 
as shown in Equation (1). 

[Equation 1] 
n=n 0 (1-Ar 2 /2) 

[0049] If the refractive index distribution constant 
(A 1/2 ) is selected to set the total optical path length of 
the above-described slab waveguide to such a value as 
to be defined by an optical 0.5 pitch, the beam shapes 
on the incidence and emergence sides are equal to each 
other, as shown in FIG. 1. That is, in a case where a 
beam propagating through the above-described slab 
waveguide is an expanding beam having a beam waist 
at the front of the incidence end (FIG. 1), a trail 4 of the 
beam expands gradually in the slab waveguide in such 
a manner that the angle of expansion becomes smaller 
and becomes zero substantially at the center of the total 
optical path length, and, after this expansion, the beam 
becomes convergent and has a beam waist at the rear 
of the emergence end of the slab waveguide. 
[0050] It can be understood from FIG. 3 that, in the 
case of a slab having a refractive index of about 1 .5 and 
formed by an ordinary photonic crystal having five peri- 
ods ormore as atotal number of periods, the total optical 
path length of the slab waveguide is defined by such an 
optical pitch as to bean integer multiple of 0.5 when the 
refractive index distribution constant (A 1/2 ) is about 0.03 
u.nr 1 (= 30 mm" 1 ). 

[0051] The above-described refractive index distribu- 
tion is an example of a distribution along a quadratic 
curve shown in FIG. 17(a). Adifferent refractive index 
distribution is also possible. For example, one such as 
shown in FIG. 17(b) can be mentioned which is ex- 
pressed by a curve constituted by a refractive-index- 
constant portion indicating a constant maximum refrac- 
tive index in a finite region about a center, and refractive- 
index-reduction portion indicating the reduction in re- 
fractive index along a quadratic curve with respecttothe 
distance from each end of the refractive-index-constant 
portion. 

[0052] Further, a distribution along a quadratic curve 



may be an approximately quadratic curve. This can be 
said in later embodiments. 

[0053] Further, "a predetermined portion other than 
end portions " of the present invention is desired to lo- 
5 cate atthe center portion in the slab refractive index por- 
tion. However, it is not restricted to this. 

(Second Embodiment) 

w [0054] A second embodiment of the present invention 
will be described. 

[0055] FIG. 4 is a schematic cross-sectional view of 
the construction of a slab waveguide which represents 
the second embodiment of the present invention. In the 

is slab waveguide of this embodiment, a slab-type phot- 
onic crystal having variation in refractive index quadrat- 
ically distributed in the film thickness direction is used. 
[0056] The slab waveguide of the second embodi- 
ment in which a slab-type photonic crystal is used is con- 

20 stituted by a substrate 3 and a slab-type photonic crystal 
37 which forms a slab on the substrate 3, in which va- 
cancies 2 extending in the film thickness direction of the 
slab are two-dimensionally and periodically arranged, 
and which has a two-dimensional crystal grating formed 

25 by the above-described slab refractive index portion 1 
and the vacancies 2, as shown in FIG. 4. Also, the re- 
fractive index (n) of the slab as seen along the film thick- 
ness direction is defined by a maximal point (no) of the 
refractive index, a distance (r) from the maximal point 

30 and a refractive index distribution constant (A 1/2 ) not 
smallerthan 1 mm -1 with the film thickness as shown in 
Equation (1) . The refractive index distribution constant 
(A ie ) is a value selected to equate the sum of the inci- 
dence-side focal distance and the emergence-side focal 

35 distance corresponding to one period of the slab refrac- 
tive index portion 1 constituting the slab waveguide, and 
the period of the two-dimensional crystal grating formed 
by the slab refractive index portion 1 and the vacancies 
2 periodically arranged. 

40 [0057] Also in the case where the refractive index dis- 
tribution constant (A 1/2 ) is selected to equate the inci- 
dence-side focal distance and the emergence-side focal 
distance corresponding to one period of the slab refrac- 
tive index portion 1 constituting the slab waveguide and 

45 to equate the value twice the focal distance and the pe- 
riod of the two-dimensional crystal grating formed by the 
slab refractive index portion 1 and the vacancies 2 pe- 
riodically arranged, the beam shapes on the incidence 
and emergence sides are equal to each other, as shown 

so in FIG. 4. That is, a trail 31 of a beam propagating 
through the above-described slab waveguide has beam 
waists (32 and 33) on the incidence and emergence 
sides of each portion corresponding to one period in the 
slab refractive index portion 1 . Therefore, the trail 31 al- 

55 so has symmetric beam waists (34 and 35) on the inci- 
dence and emergence sides of the slab-type photonic 
crystal 37. 

[0058] The condition for providing beam waists (32 
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and 33) on the incidence and emergence sides of each 
portion corresponding to one period in the slab refractive 
index portion 1 corresponds to the case where the total 
number of periods shown in FIG. 3 is one and the re- 
fractive index distribution constant (A 1/2 ) is about 0.15 
jxm -1 (= 150 mm -1 ). 

[0059] Thus, the slab-type photonic crystal 37 having 
variation in refractive index quadratically distributed in 
the film thickness direction according to the refractive 
index distribution constant not smaller than 1 mm -1 is 
used to ensure that the beam trail is within the film thick- 
ness of the slab-type photonic crystal 37 regardless of 
the film thickness of the slab-type photonic crystal 37. 
Even though the slab waveguide has a substrate, the 
beam trail does not reach the boundary on the substrate, 
so that light can propagate through the waveguide with- 
out leaking. 

[0060] Further, the variation in refractive index quad- 
ratically distributed in the film thickness direction is such 
that the speed of propagation of light is constant with 
respectto any incident angles, so that single-mode con- 
ditions can be satisfied. Therefore, the film thickness of 
the slab-type photonic crystal 37 can be set so as to 
match the mode field diameter of an optical fiber and the 
slab-type photonic crystal 37 can be easily coupled to 
the optical fiber. 

[0061] While the embodiment has been described 
with respect to a case where the slab refractive index is 
about 1 .5, the refractive index can be freely selected if 
the above-described suitable refractive index distribu- 
tion constant (A 1/2 ) is selected and any material may be 
used if it is optically transparent. Ordinarily, the photonic 
crystal is constructed for refractive index modulation of 
about 1.0 to 4.0. Distribution of columnar members 
made of a low-refractive-index material (a polymer or 
glass) in a slab made of a high-refractive-index material 
(Si, GaAS, Ti 2 0 5 or the like) can also be performed as 
well as the above-described distribution of vacancies in 
a solid slab (made of a high-refractive-index material 
such as Si, GaAS orTi 2 0 5 or a low-refractive-index ma- 
terial such as glass). The polymer material for the co- 
lumnar members is, for example, an acrylic polymer 
(PMMA, an UV acrylate polymer, etc.), an epoxy poly- 
mer, a polyimide polymer, or a silicone polymer. The va- 
cancies in this embodiment are an example of the co- 
lumnar members in accordance with the present inven- 
tion. 

[0062] Since it is important to select the refractive in- 
dex of the photonic crystal, any material other than those 
mentioned above may be selected from solids (dielec- 
trics in general, e.g. , oxides), liquids (water, ethyleneg- 
lycol, etc.) andgases (air, inert gases, etc.) if it satisfies 
the above-described refractive index condition. 

(Third Embodiment) 

[0063] A third embodiment of the present invention 
will be described. 



[0064] FIG. 5 is a schematic cross-sectional view of 
the construction of a slab waveguide which represents 
the third embodiment of the present invention. In the 
slab waveguide of this embodiment, a slab-type phot- 
s onic crystal having curved surfaces as incidence-end 
and emergence-end surfaces in the film thickness direc- 
tion is used. FIG. 6 shows the relationship between the 
total number of periods in the slab-type photonic crystal 
and a radius of curvature at which the slab waveguide 
io having equal spot diameters on the incidence and emer- 
gence sides in a case where the slab refractive index is 
about 1 .5 functions optically as a lens. 
[0065] The slab waveguide of this embodiment in 
which the slab-type photonic crystal is used is constitut- 
'5 ed by a substrate 43 and a slab-type photonic crystal 47 
which forms a slab on the substrate 43, in which vacan- 
cies 42 extending in the film thickness direction of the 
slab are two-dimensionally and periodically arranged, 
and which has a two-dimensional crystal grating formed 
20 by a slab refractive index portion 41 and the vacancies 
42, as shown in FIG. 5. Each of an incidence-end sur- 
face 45 and an emergence-end surface 46 of the above- 
described slab-type photonic crystal 47 is a curved sur- 
face having a radius of curvature of 0.1 u.m or greater. 
25 [0066] If the radius of curvature of the incidence-end 
surface 45 and the emergence-end surface 46 is select- 
ed to enable the slab-type photonic crystal 47 to function 
optically as a lens having the same beam waists (focal 
points) on the incidence and emergence sides, the 
30 beam shapes on the incidence and emergence sides 
are equal to each other, as shown in FIG. 5. That is, a 
trail 44 of a beam propagating through the above-de- 
scribed slab waveguide is formed in such a manner that 
an incident light beam is converted into a convergent 
35 beam atthe incidence-end surface, and this beam forms 
a beam waist (minimum beam spot) 48 substantially at 
the center of the total optical path length by diffraction 
in the slab-type photonic crystal 47, then becomes an 
expanding beam, and is again converted into a conver- 
40 gent beam at the slab waveguide emergence-end sur- 
face to form a beam shape symmetric with the incident 
beam. 

[0067] It can be understood from FIG. 6 that, in the 
case of a slab having a refractive index of about 1 .5, if 
45 the incidence-end surface 45 and the emergence-end 
surface 46 have a radius of curvature of 1/10 urn, i.e., 
1/1 0 of the total n umber of periods of the slab-type pho- 
tonic crystal 47 in micrometers (a length defined by 1/1 0 
of the total number of periods expressed in microme- 
ters), the slab waveguide functions optically as a lens. 
[0068] While each of the curved surfaces formed as 
the end surface of the slab waveguide has been de- 
scribed as a quadratic surface such as shown in FIG. 
1 7(c), itmayalternativelybe, for example, a non-quadrat- 
55 ic surface such as shown in FIG. 1 7(d), a surface con- 
stituted by a non-curved surface (flat surface) portion 
about a center and a peripheral curved surface portion 
as shown in FIG. 17(e), or a Fresnel lens type having a 
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diffraction surface such as shown in FIG. 17(f). 
(Fourth Embodiment) 

[0069] A fourth embodiment of the present invention 5 
will be described. 

[0070] FIG. 7 is a schematic cross-sectional view of 
the construction of a slab waveguide which represents 
the fourth embodiment of the present invention. 
[0071] That is, in the slab waveguide of this embodi- 
ment, a slab-type photonic crystal having variation in re- 
fractive index quadratically distributed in the film thick- 
ness direction is used. 

[0072] The slab waveguide of the second embodi- 
ment in which a slab-type photonic crystal is used is con- 
stituted by a substrate 43 and a slab-type photonic crys- 
tal 67 which forms a slab on the substrate 43, in which 
vacancies 62 extending in the film thickness direction of 
the slab are two-dimensionally and periodically ar- 
ranged, and which has a two-dimensional crystal grating 
formed by a slab refractive index portion 61 and the va- 
cancies 62, as shown in FIG. 7. Each of the boundaries 
between the slab refractive index portion 61 and the va- 
cancies 62 has a curved surface in the film thickness 
direction of the slab. The radius of curvature of the 
curved surface is such that the sum of the incidence- 
side focal distance and the emergence-side focal dis- 
tance corresponding to one period of the slab refractive 
index portion 61 is equal to the period of the two-dimen- 
sional crystal grating formed by the slab refractive index 
portion 61 and the vacancies 62 periodically arranged. 
[0073] That is, each vacancy 62 has such a shape that 
its radius is smaller at its center in the slab thickness 
direction and is increased along a direction from the 
center to one of the slab surfaces. The surfaces of the 
boundaries between the vacancies 62 and the slab re- 
fractive index portion 61 have a curved surface in ac- 
cordance with a quadratic function in the slab thickness 
direction. 

[0074] Also in the case where the radius of curvature 
is selected at which the incidence-side focal distance 
and the emergence-side focal distance corresponding 
to one period of the slab refractive index portion 61 and 
at which the value twice the focal distance and the pe- 
riod of the two-dimensional crystal grating formed by the 
slab refractive index portion 61 and the vacancies 62 
periodically arranged are equal to each other, the beam 
shapes on the incidence and emergence sides are 
equal to each other, as shown in FIG. 7. That is, a trail 
68 of a beam propagating through the above-described 
slab waveguide has beam waists (63 and 64) on the in- 
cidence and emergence sides of each portion corre- 
sponding to one period in the slab refractive index por- 
tion 61 . Therefore, the trail 68 also has symmetric beam 
waists (65 and 66) on the incidence and emergence 
sides of the slab-type photonic crystal 67. 
[0075] The condition for providing beam waists (63 
and 64) on the incidence and emergence sides of each 



portion corresponding to one period in the slab refractive 
index portion 61 corresponds to the case where the total 
number of periods shown in FIG. 6 is one and the radius 
of curvature is about 0.22 urn" 1 (= 220 mm" 1 ). 
[0076] Thus, the slab-type photonic crystal 47 in 
which the incidence-end surface and the emergence- 
end surface have a radius of curvature of 0.1 u.nr 1 or 
greater, or the slab-type photonic crystal 67 formed by 
periodically arranging portions in the slab refractive in- 
dex portion 61 and the vacancies 62 forming incidence- 
end and emergence-end surfaces having a radius of 
curvature of 0.1 u.nr 1 or greater is used to ensure that 
the beam trail is within the film thickness of the slab-type 
photonic crystal regardless of the film thickness of the 
slab-type photonic crystal 47 or 46. Even though the 
slab waveguide has a substrate, the beam trail does not 
reach the boundary on the substrate, so that light can 
propagate through the waveguide without leaking. Fur- 
ther, the radius of curvature at each end surface func- 
tions like a lens so that the speed of propagation of light 
is constant with respect to any incident angles, so that 
single-mode conditions can be satisfied. Therefore, the 
film thickness of the slab-type photonic crystal can be 
set so as to match themode field diameter of an optical 
fiber and the slab-type photonic crystal can be easily 
coupled to the optical fiber. 

[0077] While the embodiments have been described 
with respect to a case where the slab refractive index is 
about 1.5, the refractive index can be freely selected if 
the above-described suitable radius of curvature is se- 
lected and any material may be used if it is optically 
transparent. Ordinarily, the photonic crystal is construct- 
ed for refractive index modulation of about 1 .0 to 4.0. 
Distribution of columnar members made of a low-refrac- 
tive-index material (a polymer or glass) in a slab made 
of a high-refractive-index material (Si, GaAS, Ti 2 0 5 or 
the like) can also be performed as well as the above- 
described distribution of vacancies in a solid slab (made 
of a high-refractive-index material such as Si, GaAS or 
Ti 2 0 5 or a low-refractive-index material such as glass) . 
The polymer material for the columnar members is, for 
example, an acrylic polymer (PMMA, an UV acrylate 
polymer, etc.), an epoxy polymer, a polyimide polymer, 
or a silicone polymer. 

[0078] Since it is important to select the refractive in- 
dex of the photonic crystal, any material otherthan those 
mentioned above may be selected from solids (dielec- 
trics in general, e.g., oxides), liquids (water, ethylene 
glycol , etc.) and gases (air, inert gases, etc.) if it satis- 
fies the above-described refractive index condition. 
[0079] The refractive index distribution profile of the 
refractive index distributed type of slab described in the 
description of the first and second embodiments is not 
limited to that indicated by a secondary curve as shown 
in FIG. 17(a). A hybrid type such as shown in FIG. 17 
(b), including a state where the refractive index is gen- 
erally constant about a center, can also be used. 
[0080] The profile of the curved surfaces at the inci- 
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dence and emergence ends of the slab described in the 
description of the third and fourth embodiments is not 
limited to the quadratic surface type shown in FIG. 17 
(c). A non-quadratic surface type such as shown in FIG. 
17(d), a hybrid type such as shown in FIG. 17(e), in 
which a curved surface and a non-curved surface are 
mixed, and a Fresnel type such as shown in FIG. 17(f) 
using diffraction can also be used. 
[0081 ] The described embodiments correspond to an 
example of formation of a slab-type photonic crystal 70 
on a substrate 71 as shown in FIG. 8(a). In the slab-type 
photonic crystals in a refractive index distributed lens 
form in the first and second embodiments or in the slab- 
type photonic crystals in a curved-surface lens form, 
however, the propagating beam does not reach the 
boundary on the slab-type photonic crystal in the film 
thickness direction and, therefore, the state of propaga- 
tion of light is independent of the condition of the sub- 
strate. Therefore, a structure in which vacancies are al- 
so formed in a substrate portion as shown in FIG. 8(b) 
or a structure using no substrate as shown in FIG. 8(c) 
can also be used without a problem concerning the con- 
dition of the substrate. 

[0082] Embodiments of the present invention relating 
to methods of fabricating the above-described slab-type 
photonic crystal having a refractive index distribution (a 
graded index) in the film thickness direction will be de- 
scribed. 

[0083] Methods of fabricating a slab-type photonic 
crystal having a refractive index distribution in the film 
thickness direction are roughly grouped into two meth- 
ods shown below. 

(1 ) Vacancies are two-dimensionally and periodical- 
ly arranged in each of a plurality of films differing in 
refractive index from each other so as to extend in 
the film thickness direction, and the films are lami- 
nated in such order to obtain the desired refractive 
index distribution in the direction of lamination, with 
the vacancy positions in the films aligned with each 
other. 

(2) A plurality of films differing in refractive index 
from each other are laminated to make a slab 
waveguide having a refractive index distribution, 
and vacancies to be two-dimensionally and period- 
ically arranged so as to extend in the film thickness 
direction are thereafter made. 

[0084] An example of the fabrication method (1 ) and 
an example of the fabrication method (2) will be de- 
scribed as a fifth embodiment and a sixth embodiment, 
respectively, of thepresent invention. 

(Fifth Embodiment) 

[0085] The fifth embodiment of the present invention 
will be described. 

[0086] FIGS. 9 and 10 show the outline of a method 



of fabricating a slab waveguide according to thefifth em- 
bodiment. 

[0087] FIGS. 9 and 10 are diagrams showing the 
method of fabricating a slab waveguide constituted by 
5 a refractive index distributed slab type of photonic crys- 
tal in which vacancies are two-dimensionally and peri- 
odically arranged. 

[0088] In the method of fabricating a slab waveguide 
by using a refractive index distributed slab type of pho- 
tonic crystal in this embodiment, an ideal refractive in- 
dex distribution in the film thickness direction in a de- 
sired slab waveguide 80 is divided into m portions as 
partial slabs in the film thickness direction, as shown in 
FIG. 9(c). The refractive index of each of the divided m 
partial slabs is determined as a value between the max- 
imum and minimum of the distributed values of the re- 
fractive index of the partial slabs, e.g., a mean value (the 
refractive index of the kth partial slab: nk) (k = 1 to m) , 
and m films 81 (first to mth films) having refractive indi- 
ces corresponding to the m partial slabs are prepared, 
as shown in FIG. 9(a). A die 84 having projections 83 in 
correspondence with the positions of vacancies 82 to 
be two-dimensionally and periodically arranged in the 
slab-type photonic crystal 80 is pressed on each film 81 
to form the desired vacancies 85, and the die 84 Is there- 
after moved away from the film 81 . If the die 84 is 
pressed in a heated state as shown in FIG. 9(a), the fa- 
cility with which working forforming the vacancies is per- 
formed is improved. Not only the die 84 but also the film 
81 may be heated together. 
[0089] A method of laminating photonic crystal films 
having vacancies formed therein while aligning the va- 
cancy positions will next be described. 
[0090] A first example of this method is as described 
below. As shown in FIG. 9(b), when each of photonic 
crystal films 86 having vacancies formed therein is lam- 
inated, the photonic crystal film 86 is irradiated with sin- 
gle-wavelength light 87 perpendicularly applied to the 
film. The photonic crystal film 86 to be laminated is hor- 
izontally moved while interference light 89 from laminat- 
ed film 88 is observed. When the distribution of interfer- 
ence light becomes symmetric, thef ilm is positioned and 
laminated. 

[0091] A second example of this method is as de- 
scribed below. As shown in FIG. 10 (b) , a plurality of 
photonic crystal films 86having vacanciesformed there- 
in are successively laminated, while a plurality of posi- 
tioning pins 91 thinner than the vacancies formed in the 
films are stood in correspondence with the vacancy po- 
sitions in the film on a substrate 90. 

(Sixth Embodiment) 

[0092] The sixth embodiment of the present invention 
will be described. 

[0093] FIGS. 1 1 and 20 show the outlines of methods 
of fabricating a slab waveguide according to the sixth 
embodiment. 
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[0094] FIGS. 11(a) and 11(b) are diagrams showing 
the outline of a first method of fabricating a slab 
waveguide constituted by a refractive index distributed 
slab type of photonic crystal in which vacancies are two- 
dimensionally and periodically arranged. FIGS. 20(a), 
20(b), and 20(c) are diagrams showing the outline of a 
second method of fabricating a slab waveguide consti- 
tuted by a refractive index distributed slab type of pho- 
tonic crystal in which vacancies are two-dimensionally 
and periodically arranged. 

[0095] The first slab waveguide fabricationmethod 
shown in FIGS. 11 (a) and 11 (b) will first be described. 
[0096] In the first fabricationmethod, an ideal refrac- 
tive index distribution in the film thickness direction in a 
desired slab waveguide 1 00 is divided into m portions 
as partial slabs in the film thickness direction, as shown 
in FIG. 1 1 (a). The refractive index of each of the divided 
m partial slabs is determined as a value between the 
maximum and minimum of the distributed values of the 
refractive index of the partial slabs, e.g., a mean value 
(the refractive index of the kth partial slab: nk) (k = 1 to 
m) , and m films 1 01 (first to mth films) having refractive 
indices corresponding to the m partial slabs are pre- 
pared. The film thickness of each film 101 and the 
number of films 101 are adjusted so as to have the film 
thickness corresponding to that of the slab when the 
films 101 are laminated. 

[0097] As shown in FIG. 1 1 (b), after a refractive index 
distributed slab waveguide 102 has been formed by 
laminating the above-described films differing in film 
thickness and having a pseudo quadratic diffraction dis- 
tribution in the film thickness direction, i.e., a refractive 
index distribution substantially in accordance with a 
quadratic function, a die 104 havingproj ections 103 in 
correspondence with the positions of vacancies 106 to 
be two-dimensionally and periodically arranged as de- 
sired in the refractive index distributed slab waveguide 
1 02 is pressed on the slab waveguide to form the de- 
sired vacancies 106. The die 104 is thereafter moved 
away from the slab waveguide. If the die 104 is pressed 
in a heated state, the facility with which working forform- 
ing the vacancies is performed is improved. Not only the 
die but also the films may be heated together. 
[0098] The first slab waveguide fabrication method is 
as described above. The second slab waveguide fabri- 
cation method will next be described. 
[0099] The method of fabricating a slab waveguide 
190 formed by laminating films and having a refractive 
index distribution in the second fabrication method is the 
same as that shown in FIG. 11(a). As a method of form- 
ing vacancies in the slab waveguide 1 90 shown in FIG. 
20, a method described below is used. That is, an ion 
implantation process (tracking process) is performed in 
which a mask 1 91 having vacancies two-dimensionally 
and periodically arranged at desired positions is super- 
posed the slab waveguide 190 as shown in FIG. 20(a) 
and, in this state, the slab waveguide 1 90 is irradiated 
with ion beams 1 92 as shown in FIG. 20(b) to form tracks 



193 in the refractive index distributed slab waveguide 
190 in correspondence with the positions of the vacan- 
cies in the mask. Thereafter, as shown in FIG. 20(c), a 
process (etching process) is performed in which the re- 

s tractive index distributed slab waveguide 1 90 after irra- 
diation with ions is immersed in an etching solution of 
strong alkali (NaOH) 1 95 to transferthe vacancy pattern 
of the mask 191 to the refractive index distributed slab 
waveguide 190. The size of the vacancies in the slab 

10 waveguide is controlled through etching conditions (e. 
g., concentration and time) in the etching process. 
[0100] As a method of forming vacancies in the slab 
waveguide by using the mask 1 91 , a dry etching method 
or the like can be alternatively used. 

'5 [0101] Embodiments of the present invention relating 
to methods of fabricating the above-described slab 
waveguide having a refractive index distribution in the 
film thickness direction will be described. 
[0102] Methods of fabricating a slab waveguide hav- 

20 ing a refractive index distribution in the film thickness 
direction are roughly grouped into two methods shown 
below. 

(1) A refractive index distribution is formed in actual 
25 size without using any enlargement/reduction proc- 
ess. 

(2) A slab having a refractive index distribution in a 
similitude relationship with that in a slab waveguide 
is made and is reduced or increased in size to fab- 

30 ricate the slab waveguide having the desired refrac- 
tive index distribution. 

[0103] Examples of the fabrication method (1 ) will be 
described as seventh to tenth embodiments of the 
35 present invention, and examples of the fabrication meth- 
od (2) will be described as eleventh to fourteenth em- 
bodiments of the present invention. 

(Seventh Embodiment) 

40 

[0104] The seventh embodiment of the present inven- 
tion will be described. 

[0105] FIG. 12(a) shows the outline of a method of 
fabricating a slab waveguide having a refractive index 
45 distribution in the film thickness direction according to 
the seventh embodiment. 

[0106] In the method of fabricating a slab waveguide 
having a refractive index distribution according to this 
embodiment, an ideal refractive index distribution in the 
so film thickness direction in a desired slab waveguide is 
first divided into m portions as partial slabs in the film 
thickness direction, as shown in FIG. 12(a). The refrac- 
tive index of each of the divided m partial slabs is deter- 
mined as a value between the maximum and minimum 
55 of the distributed values of the refractive index of the 
partial slabs, e.g. , a mean value (the refractive index of 
the kth partial slab: nk) (k = 1 to m) , and uncured poly- 
mers of a plurality of refractive indices corresponding to 



25 



30 



35 



40 



45 



50 



12 



23 



EP 1 394 579 A2 



24 



the m partial slabs are prepared. Next, the uncured kth 
polymer 111 (refractive index: nk) is applied on a sub- 
strate 110 (in order of k = 1,2, ... m), is spread with a 
blade 1 1 3 so as to form the kth film corresponding to the 
film thickness of the kthpartial slab, and is then cured. 
The above-described application, spreading and curing 
of the uncured polymers 111 are repeated from the first 
film to the mth film to fabricate the slab waveguide hav- 
ing a refractive index distribution in the film thickness 
direction. 

[0107] As a method of curing uncured polymers 111, 
heating or UV irradiation may be performed. 

(Eighth Embodiment) 

[0108] The eighth embodiment of the present inven- 
tion will be described. 

[0109] FIG. 12(b) shows the outline of a method of 
fabricating a slab waveguide having a refractive index 
distribution in the film thickness direction according to 
the eighth embodiment. 

[0110] In the method of fabricating a slab waveguide 
having a refractive index distribution according to this 
embodiment, an ideal refractive index distribution in the 
film thickness direction in a desired slab waveguide is 
first divided into m portions as partial slabs in the film 
thickness direction, as shown in FIG. 12(b). The refrac- 
tive index of each of the divided m partial slabs is deter- 
mined as a value between the maximum and minimum 
of the distributed values of the refractive index of the 
partial slabs, e . g . , a mean value (the refractive index 
of the kth partial slab: nk) (k = 1 to m) , and uncured 
polymers of a plurality of refractive indices correspond- 
ing to the m partial slabs are prepared. Next, the un- 
cured kth polymer (refractive index: nk) is applied on a 
substrate 110 (in order of k = 1 , 2, ... m), a centrifugal 
force is applied to the substrate 1 1 0 and to the uncured 
kth polymer on the cured (k-1 ) th polymer by a spin coat- 
er 1 1 4 to spread the uncured kth polymer so as to form 
the kth film having the film thickness corresponding to 
the film thickness of the kth partial slab after curing, and 
the uncured kth polymer 111 is thereafter cured. The 
above-described application.spreading and curing of 
the uncured polymers 1 1 1 are repeated from the first film 
to the mth film to fabricate the slab waveguide having a 
refractive index distribution in the film thickness direc- 
tion. 

[0111] As a method of curing uncured polymers 111, 
heating or UV irradiation may be performed. 

(Ninth Embodiment) 

[01 12] The ninth embodiment of the present invention 
will be described. 

[0113] FIG. 12(c) shows the outline of a method of 
fabricating a slab waveguide having a refractive index 
distribution in the film thickness direction according to 
the ninth embodiment. 



[0114] In the method of fabricating a slab waveguide 
having a refractive index distribution according to this 
embodiment, an ideal refractive index distribution in the 
film thickness direction in a desired slab waveguide is 
5 first divided into m portions as partial slabs in the film 
thickness direction, as shown in FIG. 12(c). The refrac- 
tive index of each of the divided m partial slabs is deter- 
mined as a value between the maximum and minimum 
of the distributed values of the refractive index of the 
10 partial slabs, e.g. , a mean value (the refractive index of 
the kth partial slab: nk) (k = 1 to m) , and materials 115 
optically transparent and having a plurality of refractive 
indices corresponding to the m partial slabs are pre- 
pared. Next, the kth material (refractive index: nk) is de- 
'5 posited and laminated on a substrate 1 1 0 (in order of k 
= 1 , 2, ... m) by sputtering or the like so thatthef ilm thick- 
ness of the kth material is equal to the film thickness of 
the kth partial slab. The above-described material 115 
thin film deposition process is repeated from the first de- 
20 posited thin film to the mth deposited thin film to fabricate 
the slab waveguide having a refractive index distribution 
in the film thickness direction. 
[0115] The material 115 optically transparent is a ma- 
terial capable of refractive index control, e.g. , a poly- 
ps mer, glass, a compound semiconductor, or an oxide (ce- 
ramic). 

(Tenth Embodiment) 

30 [0116] Thetenth embodiment ofthe present invention 
will be described. 

[0117] FIG. 12(d) shows the outline of a method of 
fabricating a slab waveguide having a refractive index 
distribution in the film thickness direction according to 
35 the tenth embodiment. 

[0118] In the method of fabricating a slab waveguide 
having a refractive index distribution according to the 
embodiment, a uniform-refractive-index slab 117 uni- 
formly having a refractive index corresponding to the 
40 maximum refractive index in the desired refractive index 
distribution is first prepared and immersed in an ionized 
medium (electrolytic solution) 118 having ions 119 for 
reducing the refractive index of the uniform-refractive- 
index slab waveguide, as shown in FIG. 12(d). Ions 119 
45 in the ionizedmedium (electrolytic solution) 118 enters 
the uniform-refractive-index slab 117 through the sur- 
faces of the same to replace ions in the uniform-refrac- 
tive-index slab 117. The amount of ion replacement is 
reduced along an inward direction from each surface of 
50 the uniform-refractive-index slab 1 1 7. As a result, from 
the uniform-refractive-index slab 117 uniform in refrac- 
tive index, the slab waveguide is formed so as to have 
a refractive index distribution in which the refractive in- 
dex is maximized at the center. The refractive index dis- 
ss tribution is controlled through ion exchange conditions 
(including concentration, temperature and time). 
[0119] The material of the uniform-refractive-index 
slab 117 is, for example , glass , and ions 11 9 for reduc- 
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ing the refractive index are, for example, fluorine ions. 
[0120] The uniform-refractive-index slab 117 in this 
embodiment is an example of a film-like slab material of 
the present invention. 

[0121] For example, a method of providing a refrac- 
tive index distribution in a sheet of glass by implanting 
ions in the sheet of glass and by controlling the distribu- 
tion of the implanted ions in the glass, a method of con- 
trolling the refractive index distribution in a sheet of 
polysilane by controlling the distribution of the oxygen 
concentration in polysilane at the time of inorganizing 
setting of polysilane, or a method of controlling the re- 
fractive index distribution in a sheet of a full-fluorine res- 
in by controlling the distributions of a high-refractive-in- 
dex low-molecular-weight component and a low-refrac- 
tive-index monomer in the full-fluorine resin at the time 
of setting of the full-fluorine resin may be used. The 
method of the formation of refractive index distribution 
in the full-fluorine resin may be used in the case of using 
some other resin. 

[0122] However, the above-mentioned polysilane 
changes into a siloxane structure of a lower refractive 
index by oxidation at the time of setting caused by UV 
exposure or a heattreatment, so that the refractive index 
is changed according to the proportions of the polysilane 
structure portion not oxidized and the siloxane structure 
portion generated by oxidation. In a case where oxida- 
tion by oxygen in atmosphere is caused, the oxygen 
concentration in the sheet of polysilane decreases along 
a direction from the surface to an inner portion and, 
therefore, a refractive index portion in which the refrac- 
tive index is reduced from an inner portion to the surface 
at which the oxygen concentration is high is spontane- 
ously formed. Further, the oxygen concentration in the 
sheet of polysilane can be controlled by the oxygen 
pressure. Also, oxygen or an oxide other than oxygen 
in atmosphere may be diffused in a desired distribution 
in the sheet of polysilane before setting to control the 
refractive index distribution at the time of oxidation as 
desired. Also, a refractive index distribution symmetric 
about a center in the thickness direction can be formed 
by oxidizing the sheet of polysilane symmetrically from 
the two surfaces. In the case of setting by UV exposure 
from the substrate side, a material transparent to UV, e. 
g. , glass such as quartz or Pyrex is used. If exposure 
is not effected on the substrate side, a material not trans- 
parent to UV, e. g. , silicon or a resin other than glass 
may be used. 

(Eleventh Embodiment) 

[0123] The eleventh embodiment of the present in- 
vention will be described. 

[0124] FIG. 13 shows the outline of a method of fab- 
ricating a slab waveguide having a refractive index dis- 
tribution in the film thickness direction according to the 
eleventh embodiment. 

[0125] In the method of fabricating a slab waveguide 



having a refractive index distribution according to this 
embodiment, an ideal refractive index distribution in the 
film thickness direction in a desired slab waveguide 1 20 
is divided into m portions as partial slabs in the film thick- 
5 ness direction, as shown in FIG. 1 3. The refractive index 
of each of the divided m partial slabs is determined as 
a value between the maximum and minimum of the dis- 
tributed values of the refractive index of the partialslabs, 
e.g. , a mean value (the refractive index of the kth partial 
slab: nk) (k = 1 to m) , and m thick films 121 (first to mth 
thick films) having refractive indices corresponding to 
the m partial slabs are prepared. The above-described 
thick films are successively laminated from the first to 
the mth films on a flat surface 124 of a base 122, and 
the laminated thick films are pinched between the flat 
su rf ace 1 24 of the base and a flat surface 1 25 of a press- 
ing member 123 having the surface 125 placed parallel 
to the surface 124 to weight down the thick films until 
the film thickness of the laminated thick films becomes 
equal to the desired film thickness of the slab waveguide 
120. At this time, the laminated thick films may be heat- 
ed to facilitate working. 

[0126] This method of pressing a slab having a refrac- 
tive index distribution in a similitude relationship with a 
slab waveguide having a desired refractive index distri- 
bution enables an optical member on the order of mi- 
crometers to be easily fabricated. 

(Twelfth Embodiment) 

[0127] The twelfth embodiment of the present inven- 
tion will be described. 

[0128] FIG. 1 4 shows the outline of a method of fab- 
ricating a slab waveguide according to the twelfth em- 
bodiment, which has a refractive index distribution in the 
film thickness direction, in which the film thickness 
changes along a certain direction, and in which the re- 
fractive index distribution changes in proportion to the 
distributed film thickness. 

[0129] In the method of fabricating a slab waveguide 
having a refractive index distribution in thefilm thickness 
direction according to this embodiment, an ideal refrac- 
tive index distribution in the film thickness direction in a 
slab waveguide 1 30 in which the film thickness changes 
along a certain direction and the refractive index distri- 
bution changes in proportion to the distributed film thick- 
ness is divided into m portions as partial slabs, as shown 
in FIG. 14. The refractive index of each of the divided m 
partial slabs is determined as a value between the max- 
imum and minimum of the distributed values of the re- 
fractive index of the partial slabs, e.g. , a mean value (the 
refractive index of the kth partial slab: nk) (k = 1 to m) , 
and m thick films 1 31 (first to mth thick films) having re- 
fractive indices corresponding to them partial slabs are 
prepared. The above-described thick films are succes- 
sively laminated from the first to the mth films on a flat 
surface 134 of a base 132, and the laminated thick films 
are pinched between the flat surface 134 of the base 
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and a surface 135 of a pressing member 133 formed in 
such a manner that distance from the flat surface 134 
changes monotonously according to the change in film 
thickness ofthe slab waveguide 130 .The thick films are 
thereby weighted down until the film thickness of the 
thick films becomes equal to the desired film thickness 
of the slab waveguide 130 . At this time, the laminated 
thick films may be heated to facilitate working. 
[01 30] This method of pressing a slab having a refrac- 
tive index distribution in a similitude relationship with a 
slab waveguide having a desired refractive index distri- 
bution enables an optical member on the order of mi- 
crometers to be easily fabricated. 
[0131] The slab waveguide which has a refractive in- 
dex distribution in the film thickness direction, in which 
the film thickness changes along a certain direction, and 
in which the refractive index distribution changes in pro- 
portion to the distributed film thickness, has different 
mode fields at ends 136 and 137 , the film thickness at 
the end 136 being larger, the film thickness at the end 
137 being smaller. Therefore, this slab waveguide can 
be used as a mode converter. Further, if the width 1 38 
in the direction perpendicular to the thickness direction 
of the slab waveguide 130 and to the optical axis con- 
necting the end 136 at which the film thickness is larger 
and the end 1 37 at which the film th ickness is smaller is 
set to such a value as to satisfy a single mode condition, 
the modeconvertercan be used as a single-mode mode 
converter. 

(Thirteenth Embodiment) 

[0132] The thirteenth embodiment of the present in- 
vention will be described. 

[0133] FIG. 15 shows the outline of a method of fab- 
ricating a slab waveguide having a refractive index dis- 
tribution in the film thickness direction according to the 
thirteenth embodiment. 

[0134] In the method of fabricating a slab waveguide 
having a refractive index distribution according to this 
embodiment, an ideal refractive index distribution in the 
film thickness direction in a desired slab waveguide 1 40 
is divided into m portions as partial slabs in the film thick- 
ness direction, as shown in FIG. 15. The refractive index 
of each of the divided m partial slabs is determined as 
a value between the maximum and minimum of the dis- 
tributed values ofthe refractive index of the partial slabs, 
e.g. , a mean value (the refractive index ofthe kth partial 
slab: nk)(k= 1 torn) , and m thick films 141 (first to mth 
thick films) having refractive indices corresponding to 
the m partial slabs are prepared. Next, a multilayer thick 
film formed by successively laminating the above-de- 
scribed thick films from the first to mth film is inserted 
between a pair of rollers (1 42 and 1 43) opposed to each 
other, having a spacing equal to the film thickness of the 
slab waveguide 140, and rotated in opposite directions, 
the multilayer thick film being inserted along the direc- 
tions of rotation of the rollers. The inserted multilayer 



thick film is rolled by the pair of rollers (142 and 143) 
until its thickness is reduced to the film thickness of the 
slab waveguide 1 40. At this time, the multilayerthick film 
may be heated to facilitate working, 
s [0135] The arrangement may alternatively be such 
that the multilayer thick film is drawn (rolled) by rolling 
a roller (not shown) on the multilayerthick f ilmplaced on 
a flat surface (not shown) while applying a weight to the 
thick film. 

[0136] The above-described rolling process may be 
divided into apluralityof steps successively performed to 
gradually reduce the thickness of the multilayer thick 
film. 

[0137] This method of pressing a slab having a refrac- 
tive index distribution in a similitude relationship with a 
slab waveguide having a desired refractive index distri- 
bution enables an optical member on the order of mi- 
crometers to be easily fabricated. 



[0138] The fourteenth embodiment of the present in- 
vention will be described. 

[0139] FIG. 1 6 shows the outline of a method of fab- 
ricating a slab waveguide having a refractive index dis- 
tribution in the film thickness direction according to the 
fourteenth embodiment. 

[0140] In the method of fabricating a slab waveguide 
having a refractive index distribution according to this 
embodiment, an ideal refractive index distribution in the 
film thickness direction in a desired slab waveguide 1 50 
is divided into m portions as partial slabs in the film thick- 
ness direction, as shown in FIG. 16 . The refractive in- 
dex of each of the divided m partial slabs is determined 
as a value between the maximum and minimum of the 
distributed values of the refractive index of the partial 
slabs, e.g. , a mean value (the refractive index ofthe kth 
partial slab: nk) (k= 1 to m) , and a thick multilayer film 
151 (first to mth thick films) having refractive indices cor- 
responding to the m partial slabs is prepared. Next, op- 
posite ends ofthe thick multilayer film 151 are held by 
jigs (152 and 153) and the jigs (152 and 153) are re- 
moved relatively away from each other to apply an out- 
ward tensile force to the thick multilayer film parallel to 
the surfaces of the film, thereby reducing the film thick- 
ness of the thick multilayer film 151 to the thickness of 
the slab waveguide 150. At this time, the thick multilayer 
film may be heated to facilitate working. 
[0141] The above-described tensile process may be 
divided into apluralityof steps successively performed to 
gradually reduce the thickness of the thick multilayer 
film. 

[0142] This method of pressing a slab having a refrac- 
tive index distribution in a similitude relationship with a 
slab waveguide having a desired refractive index distri- 
bution enables an optical member on the order of mi- 
crometers to be easily fabricated. 
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(Fifteenth Embodiment) 

[0143] A fifteenth embodiment of the present inven- 
tion will be described. 

[0144] FIG. 18(a), 18(b), and 18(c) schematically 5 
show the slab waveguides each having a refractive in- 
dex distribution in the thickness direction in the fifteenth 
embodiment. 

[0145] As shown in FIGS. 18(a), 18(b), or 18(c), each 
of slab waveguides having a refractive index distribution 
in the thickness direction in the fifteenth embodiment is 
constituted by a refractive index distributed slab 
waveguide 1 70 having a maximum-refractive-index por- 
tion about a center in the thickness direction, and re- 
duced-refractive-index portions in which the refractive 
index decreases in accordance with a quadratic curve 
along an outward direction from the maximum-refrac- 
tive-index portion, and a diffusing surface 1 71 which dif- 
fuses incident light in the refractive index distributed 
slab waveguide 170. Methods of coupling of incident 
light 174 and emergent light 175 to the refractive index 
distributed slab waveguide 170 are essentially divided 
into three kinds respectively shown in FIGS. 18(a), 18 
(b),and 18(c). 

(1) Linear-type multicast 

[0146] As shown in FIG. 18(a), an incidence surface 
172 and an emergence surface 173 are parallel to the 
film thickness direction of the refractive index distributed 
slab waveguide 1 70, and the incident light diffusing sur- 
face 171 is also parallel to the film thickness direction. 
[0147] In this case, incident light 174 is incident par- 
allel to the refractive index distributed slab waveguide 
170 and is uniformly diffused along a direction perpen- 
dicular to the film thickness direction of the refractive 
index distributed slab waveguide 170 at the diffusing 
surface so that substantially equal amounts of emergent 
light 175 can be received from the emergence surface 
at any different positions 

(2) Reflection-type multicast 

[0148] As shown in FIG. 18(b), an incidence surface 
177 and an emergence surface 178 are respectively 
formed as an inclined incidence surface and an inclined 
emergence surface inclined in opposite directions by 45 
degrees from the film thickness direction of the refrac- 
tive index distributed slab waveguide 1 70 . The incident 
light diffusing surface 1 71 is also inclined by 45 degrees, 
as is the inclined incidence surface 177. 
[0149] Inthiscase, incident light 174 is incidentalong 
the film thickness direction of the refractive index dis- 
tributed slab waveguide 170 and is reflected by the in- 
clined incidence surface 1 77 inclinedby 45 degree to be 
coupled to the refractive index distributed slab 
waveguide 170. The diffusing surface 171 on the in- 
clined incidence surface 177 diffuses the incident light 



uniformly along a direction perpendicular to the film 
thickness direction of the refractive index distributed 
slab waveguide 170. The inclined emergence surface 

1 78 reflects the diffused light so that substantially equal 
amounts of emergent light 1 75 can be received from the 
emergence surface at any different positions. 

(3) Coupler-type multicast 

[0150] As shown in FIG. 1 8(c), a prism coupler 1 79 is 
provided in the vicinity of each of incidence and emer- 
gence surfaces parallel to the film thickness direction of 
the refractive index distributed slab waveguide 170, 
andthediffusingsurface is in the film thickness direction, 
as is the incidence surface. 

[0151] In this case, incident light 1 74 is incident on the 
prism coupler 179 in a direction inclined from the film 
thickness direction of the refractive index distributed 
slab waveguide 1 70 to be coupled to the refractive index 
distributed slab waveguide 170. The diffusing surface 
on the incidence surface diffuses the incident light uni- 
formly along a direction perpendicular to the film thick- 
ness direction of the refractive index distributed slab 
waveguide 170 so that, through the other prism coupler 

179 coupled to the refractive index distributed slab 
waveguide 170, substantially equal amounts of emer- 
gent light 175 can be received from the emergence sur- 
face at any different positions. 

[0152] If a plurality of light receiving elements (not 
shown) are provided on the emergence surface, one op- 
tical input signal can be distributed to a plurality of re- 
ceived signals. 

[0153] The refractive index is reduced at a position 
remoter from the center because of the reduced-refrac- 
tive-index portions of the refractive index distributed 
slab waveguide 170 in accordance with the quadratic 
curve. Therefore, light in a higher-order mode at a po- 
sition remoter from the center propagates at a higher 
speed, while light in a lower-order mode at a position 
closer to the center propagates at a lower speed. Thus, 
constant-speed propagation (modal non-dispersion) 
from the lower-order mode to the higher-order mode, i. 
e., propagation similar to single-mode propagation can 
be achieved and high-speed optical communication can 
be performed in comparison with communication by the 
slab waveguide in which the refractive index is constant. 
[0154] A plurality of the above-described incidence 
surfaces each having a diffusion surface and a plurality 
of the corresponding emergence surfaces may exist in 
one refractive index distributed slab waveguide 1 70. Al- 
so, there is no problem with an arrangement in which 
different methods of coupling of incident light to the re- 
fractive index distributed slab waveguide 170 are mix- 
edly used. 

(Sixteenth Embodiment) 

[0155] A sixteenth embodiment of the present inven- 



ts 



20 



25 



30 



35 



40 



45 



50 



16 



31 



EP 1 394 579 A2 



32 



tion will be described. 

[0156] FIG. 19(a) schematically shows a slab 
waveguide having a refractive index distribution in the 
thickness direction in the sixteenth embodiment. 
[0157] The slab waveguide having a refractive index 
distribution in the thickness direction according to this 
embodiment is constructed in such a manner that, as 
shown in FIG. 19(a), slab waveguides each constituted 
by a refractive index distributed slab waveguide 170 
having a maximum-refractive-index portion about a 
center in the thickness direction, and reduced-refrac- 
tive-index portions in which the refractive index decreas- 
es in accordance with a quadratic curve along an out- 
ward direction from the maximum-refractive-index por- 
tion, and a diffusing surface 171 which diffuses incident 
light in the refractive index distributed slab waveguide 
170 are stacked in the film thickness direction with the 
diffusing surfaces facing in the same direction. 
[0158] Thus, if a multilayer refractive index distributed 
slab waveguide 184 in which the a plurality of above- 
described refractive index distributed slab waveguide 
170 are provided in multiple layers is used, passive 
alignment of the multilayer refractive index distributed 
slab waveguide 184 with an input unit (not shown) in 
which a plurality of incident beams are bundled (optical 
coupling with mechanical precision achieved by using a 
fixing portion) can be achieved at a time. Also on the 
output side, passive alignment of the multilayer refrac- 
tive index distributed slab waveguide 1 84 with a light re- 
ceiving unit (not shown) in which a plurality of light re- 
ceiving units are combined can be achieved. 

(Seventeenth Embodiment) 

[0159] A seventeenth embodiment of the present in- 
vention will be described. 

[0160] FIG. 19(b) schematically shows a slab 
waveguide having a refractive index distribution in the 
thickness direction in the seventeenth embodiment. 
[0161] The slab waveguide having a refractive index 
distribution in the thickness direction according to this 
embodiment is constructed in such a manner that, as 
shown in FIG. 1 9(b), the reflection-type multicast refrac- 
tive index distributed slab waveguide (2) in the fifteenth 
embodiment and a electric insulating substrate 180 
such as a printed circuit board are stacked. In the elec- 
tric insulating substrate 180, through holes 181 are 
formed in portions through which incident light 182 and 
emergent light 183 pass in the film thickness direction 
of the refractive indexdistributedslabwaveguide 170, 
thereby enabling coupling of incident light 182 and 
emergent light 1 83 to the reflection-type multicast re- 
fractive index distributed slab waveguide. 
[0162] Thus, if a hybrid waveguide formed by combin- 
ing the refractive index distributed slab waveguide 1 70 
and the electric insulating substrate 180 in a multilayer 
structure as described above is used, the facility with 
which the electric circuit and the optical circuit are 



mounted can be improved and a reduction in overall size 
can also be achieved. 

[0163] The electric insulating substrate 1 80 compris- 
ing a printed circuit board may be a multilayer printed 
s circuit board mounted in a three-dimensional electrical 
mounting manner. 

[01 64] The arrangements described in this specifica- 
tion in the various aspects of the present invention are 
in relationships described below. 
10 [0165] According to the first aspect of the present in- 
vention, a slab waveguide is provided which comprises 
a two-dimensional crystal grating having columnar 
members having a refractive index different from the re- 
fractive index of a slab and two-dimensionally and peri- 
's odically arranged along a surface of the slab, wherein 
the refractive index of a slab refractive index portion oth- 
er than the columnar members in the slab, the number, 
the shape and the refractive index of the columnar mem- 
bers in the slab are selected so that when a beam of 
20 light entering the waveguide expands to a maximum ex- 
tent, the size of the beam in the slab thickness direction 
does not exceed the slab thickness. 
[0166] According to the second aspect of the present 
invention, in the slab waveguide in the first aspect of the 
25 invention, wherein the refractive index of said slab re- 
fractive index portion in a direction perpendicular to the 
slab surface is maximized at a predetermined portion 
other than end portions in the slab refractive index por- 
tion, and is not increased with the increase in distance 
30 from the predetermined portion. 

[01 67] According to the third aspect of the present in- 
vention, in the slab waveguide in the second aspect of 
the invention, wherein the refractive index of said slab 
refractive index portion in the direction perpendicular to 
35 the slab surface is distributed symmetrically about the 
predetermined portion. 

[0168] According to the fourth aspect of the present 
invention, in the slab waveguide in the third aspect of 
the invention, the slab waveguide according to claim 3, 

40 wherein the refractive index of said slab refractive index 
portion in the direction perpendicular to the slab surface 
is reduced in accordance with a quadratic function or a 
approximately quadratic function of the distance from 
the predetermined portion. 

45 [01 69] According to the fifth aspect of the present in- 
vention, in the slab waveguide in the third aspect of the 
invention, the slab waveguide according to claim 3, 
wherein the predetermined portion is a region of a pre- 
determined length other than the end portions in said 

so slab refractive index portion, and the refractive index of 
said slab refractive index portion in the direction perpen- 
dicular to the slab surface is substantially constant in 
the region having the predetermined length other than 
the end portions in said slab refractive index portion and 

55 is reduced in accordance with a quadratic function or a 
approximately quadratic function of the distance from an 
end of the region having the predetermined length. 
[01 70] According to the sixth aspect of the present in- 
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vention , in the slab waveguide in the fourth or fifth aspect 
of the invention, a refractive index distribution constant 
relating to the refractive index of the portion in which the 
refractive index is reduced in accordance with the quad- 
ratic function or the approximately quadratic function of 
the distance is 1 mm -1 or greater. 
[0171] According to the seventh aspect of the present 
invention, in the slab waveguide in the fourth or fifth as- 
pect of the invention, the columnar member is a gas uni- 
form in refractive index. 

[0172] According to the eight aspect of the present in- 
vention, in the slab waveguide in the fourth orfifth aspect 
of the invention, a refractive index distribution constant 
relating to the refractive index of the portion in which the 
refractive index is reduced in accordance with the quad- 
ratic function or the approximately quadratic function of 
the distance is such a value that the total optical path 
length is defined by an optical integer multiple pitch of 
0.5. 

[0173] According to the ninth aspect of the present in- 
vention, in the slab waveguide in the fourth orfifth aspect 
of the invention, a refractive index distribution constant 
relating to the refractive index of the portion in which the 
refractive index is reduced in accordance with the quad- 
ratic function or the approximately quadratic function of 
the distance is such a value that the sum of an inci- 
dence-side focal distance and an emergence-side focal 
distance of the slab refractive index portion is equal to 
the length of a constituent unit formed by the slab re- 
fractive index portion and the columnar members. 
[0174] According to the tenth aspect of the present in- 
vention, in the slab waveguide in the ninth aspect of the 
invention, the refractive index distribution constant re- 
lating to the refractive index of the portion in which the 
refractive index is reduced in accordance with the quad- 
ratic function or the approximately quadratic function of 
the distance is such a value that the incidence-side focal 
distance and the emergence-side focal distance of the 
slab refractive index portion are equal to each other. 
[0175] Accordingtotheeleventh aspect of the present 
invention, in the slab waveguide in the fourth orfifth as- 
pect of the invention, at least one of an input end surface 
of the slab refractive index portion, which is a light input 
end surface, and an output end surface of the slab re- 
fractive index portion, which is a light output end surface, 
in a plurality of portions in the slab refractive index por- 
tion has a curved surface. 

[01 76] According to the twelfth aspect of the present 
invention, in the slab waveguide in the fourth or fifth as- 
pect of the invention , at least one of an input end surface 
of the slab refractive index portion, which is a light input 
end surface, and an output end surface of the slab re- 
fractive index portion, which is a light output end surface, 
in a plurality of portions in the slab refractive index por- 
tion has a predetermined flat surface otherthan end por- 
tions of the slab refractive index portion, and has a 
curved surface outside the flat surface. 
[0177] According to the thirteenth aspect of the 



present invention, in the slab waveguide in the eleventh 
ortwelfth aspect of the invention, the curved surface has 
a radius of curvature of 1 u.m or greater. 
[0178] According to the fourteenth aspect of the 

s present invention, in the slab waveguide in the eleventh 
ortwelfth aspect of the invention, the curved surface has 
a radius of curvature of 1/10 urn or greater of the total 
number of periods if a constituent unit formed by the slab 
refractive index portion and the columnar members is 

io one period. 

[0179] According to the fifteenth aspect of the present 
invention, in the slab waveguide in the first aspect of the 
Invention, at least one of boundary surfaces between 
the slab refractive index portion and the columnar mem- 

'5 bers has a curved surface. 

[0180] According to the sixteenth aspect of the 
present invention, in the slab waveguide in the fifteenth 
aspect of the invention, the boundary surface between 
the slab refractive index portion and the columnar mem- 

20 bers has a curved surface in the thickness direction of 
the slab. 

[0181] According to the seventeenth aspect of the 
present invention, in the slab waveguide in the fifteenth 
aspect of the invention, the boundary surface between 

25 the slab refractive index portion and the columnar mem- 
bers has a flat surface in a region having a predeter- 
mined length otherthan end portions in the slab refrac- 
tive index portion, and has curved surfaces in the film 
thickness direction of the slab outside the region having 

30 a predetermined length. 

[0182] According to the eighteenth aspect of the 
present invention , in the slab waveguide in the sixteenth 
or seventeenth aspect of the invention, the radius of cur- 
vature of the curved surface is such a value that the sum 

35 of an incidence-side focal distance and an emergence- 
side focal distance of the slab refractive index portion Is 
equal to the length of a constituent unit formed by the 
slab refractive index portion and the columnar mem- 
bers. 

40 [0183] According to the nineteenth aspect of the 
present invention, in the slab waveguide in the eight- 
eenth aspect of the invention, the radius of curvature of 
the curved surface is such a value that the sum of an 
incidence-side focal distance and an emergence-side 

45 focal distance of the slab refractive index portion are 
equal to each other. 

[0184] According to the twentieth aspect of the 
present invention , in the slab waveguide in the sixteenth 
or seventeenth aspect of the invention, the radius of cur- 

so vature of the curved surface is 0.1 u.m or greater. 

[0185] According to the twenty-first aspect of the 
present invention, in the slab waveguide in any one of 
the first to twentieth aspects of the invention, a film-like 
member is provided on at least one of surfaces of the 

55 slab so as to contact the slab surface. 

[0186] According to the twenty-second aspect of the 
present invention, in the slab waveguide in any one of 
the fourth, fifth, sixteenth, and seventeenth aspects of 
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the invention, at least one incident light diffusing portion 
Is provided in an incident light incidence surface. 
[0187] According to the twenty-third aspect of the 
present invention, in the slab waveguide in the twenty- 
second aspect of the invention, the incident light diffus- 
ing portion is provided in a surface by which incident light 
is first reflected. 

[0188] According to the twenty-fourth aspect of the 
present invention, a slab waveguide is provided in which 
a plurality of the slab waveguides in the twenty-second 
aspect of the invention are stacked in the film thickness 
direction. 

[0189] According to the twenty-fifth aspect of the 
present invention, a slab waveguide is provided which 
has an electrical substrate and the slab waveguide in 
the twenty-second aspect of the invention stacked on 
the electrical substrate in the film thickness direction. 
[0190] According to the twenty-sixth aspect of the 
present invention, in the slab waveguide in the twenty- 
fifth aspect of the invention, a through hole for passage 
of at least one of incident light and emergent light is 
formed in the electrical substrate. 
[0191] According to the twenty-seventh aspect of the 
present invention, a method of manufacturing a slab 
waveguide is provided which comprises a lamination 
step of forming a laminate by laminating a plurality of 
films differing in refractive index from each other and 
each having holes formed therein, while aligning the 
holes of the films, wherein a film portion of the laminate 
functions as a slab, and each of portions corresponding 
to the holes in the films functions as a columnar member. 
[0192] According to the twenty-eighth aspect of the 
present invention, in the slab waveguide manufacturing 
method in the twenty-seventh aspect of the invention, 
one of the films having the highest refractive index is 
placed at a position other than end portions of the lam- 
inate, and the other films are successively laminated 
outwardly from the position of thefilm having the highest 
refractive index in decreasing order of refractive index 
to form the laminate. 

[0193] According to the twenty-ninth aspect of the 
present invention, in the slab waveguide manufacturing 
method in the twenty-seventh aspect of the invention, 
the lamination step includes irradiating a surface of each 
of the plurality of films with single-wavelength light ap- 
plied perpendicular to the surface of the film when the 
film is laminated on the laminate, and aligning the posi- 
tions of the holes of the films in the film thickness direc- 
tion by positioning the laminated film on the basis of in- 
terference light from the laminate. 
[0194] According to the thirtieth aspect of the present 
invention, in the slab waveguide manufacturing method 
in the twenty-seventh aspect of the invention, a plurality 
of positioning pins thinner than the holes are stood in 
correspondence with the positions of the holes of the 
films, and the plurality of films are laminated while align- 
ing the positions of the holes of the films in the film thick- 
ness direction by using the positioning pins. 



[0195] According to the thirty-first aspect of the 
present invention, in the slab waveguide manufacturing 
method in the twenty-seventh aspect of the invention, 
the holes are formed in such a mannerthat a die having 
s columnar projections periodically arranged on its sur- 
face is pressed against the films and is removed from 
the films. 

[0196] According to the thirty-second aspect of the 
present invention, a method of manufacturing a slab 
io waveguide is provided which comprises: 

a lamination step of forming a laminate by laminat- 
ing a plurality of films differing in refractive index 
from each other; and 
'5 a columnar member forming step of forming holes 
in the laminate formed in the lamination step, 

wherein a film portion of the laminate functions as 
a slab, and each of portions corresponding to the holes 
20 in the films functions as a columnar member. 

[0197] According to the thirty-third aspect of the 
present invention, in the slab waveguide manufacturing 
method in the thirty-second aspect of the invention, the 
columnar member forming step includes forming the 
25 holes by pressing against the laminate a die having co- 
lumnar projections periodically arranged on its surface, 
and by removing the pressed die from the laminate. 
[0198] According to the thirty-fourth aspect of the 
present invention, in the slab waveguide manufacturing 
30 method in the thirty-second aspect of the invention, the 
columnar member forming step includes a tracking step 
of implanting ions while superposing a mask having 
holes periodically arranged on a film surface of the lam- 
inate, and an etching step of immersing the laminated 
35 implanted with ions in an etching solution. 

[0199] According to the thirty-fifth aspect of the 
present invention, in the slab waveguide manufacturing 
method in the thirty-second aspect of the invention, the 
lamination step includes repeating three steps: a step 
40 of applying an uncured polymer, a step of spreading the 
uncured polymer, and a step of curing the spread un- 
cured polymer. 

[0200] According to the thirty-sixth aspect of the 
present invention, in the slab waveguide manufacturing 
45 method in the thirty-second aspect of the invention, the 
lamination step includes repeating a step of depositing 
a thin film of a lamination material. 
[0201] According to the thirty-seventh aspect of the 
present invention, in the slab waveguide manufacturing 
so method in the thirty-second aspect of the invention, the 
lamination step includes: 

a thick film laminate forming step of forming a re- 
fractive index distributed thick film laminate by lam- 
55 inating thick films differing in refractive index from 
each other in such a manner that the refractive in- 
dex is maximized in a portion other than end por- 
tions of the laminate; and 
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a pressing step of pressing the refractive index dis- 
tributed thick film laminate in the direction of lami- 
nation until the thickness of the refractive index dis- 
tributed thick film laminate becomes equal to a de- 
sired thickness. 

[0202] According to the thirty-eighth aspect of the 
present invention, in the slab waveguide manufacturing 
method in the thirty-seventh aspect of the invention, the 
pressing step includes weighting down the refractive in- 
dex distributed thick film laminate by pinching the same 
between two members having surfaces parallel to each 
other. 

[0203] According to the thirty-ninth aspect of the 
present invention, in the slab waveguide manufacturing 
method in the thirty-seventh aspect of the invention, the 
pressing step includes weighting down the refractivein- 
dex distributed thick film laminate by pinching the same 
between two members having surfaces which are not 
parallel to each other at least in a restricted region. 
[0204] According to the fortieth aspect of the present 
invention, in the slab waveguide manufacturing method 
in the thirty-ninth aspect of the invention, the two mem- 
bers comprise a first member having a horizontal flat 
surface, and a second member having a flat surface or 
a curved surface such that the distance from the flat sur- 
face of the first member changes monotonously with re- 
spect to a direction parallel to the flat surface of the first 
member. 

[0205] According to the forty-first aspect of the 
present invention, in the slab waveguide manufacturing 
method in the thirty-seventh aspect of the invention, the 
pressing step includes reducing the film thickness of the 
refractive index distributed thick film laminate to the 
thickness of the slab waveguide in such a manner that 
the refractive index distributed thick film laminate is 
dragged in between two members between which the 
minimum spacing is substantially equal to the film thick- 
ness of the slab waveguide, which have surfaces paral- 
lel to each other at the position corresponding to the min- 
imum spacing, and at least one of which is a roller, the 
refractive index distributed thick film laminate being 
dragged in by applying a force thereto from the roller in 
a rotating state. 

[0206] According to the forty-second aspect of the 
present invention, in the slab waveguide manufacturing 
method in the thirty-seventh aspect of the invention, the 
pressing step includes reducing the film thickness of the 
refractive index distributed thick film laminate to the 
thickness of the slab waveguide in such a manner that 
the refractive index distributed thick film laminate is fixed 
on a surface of one of two members between which the 
minimum spacing is substantially equal to the film thick- 
ness of the slab waveguide, which have surfaces paral- 
lel to each other at the position corresponding to the min- 
imum spacing, and at least one of which is a roller, and 
the roller is rolled on the refractive index distributed thick 
film laminate. 



[0207] According to the forty-third aspect of the 
present invention, in the slab waveguide manufacturing 
method in the thirty-seventh aspect of the invention, the 
pressing step includes reducing the film thickness of the 
s refractive index distributed thick film laminate to the 
thickness of the slab waveguide in such a manner that 
a tensile force is applied to the refractive index distrib- 
uted thick film laminate at least at two points at ends of 
the same, the tensile force being outwardly applied in a 
direction parallel to the refractive index distributed thick 
film laminate. 

[0208] According to the forty-fourth aspect of the 
present invention, in the slab waveguide manufacturing 
method in any one of the twenty-seventh to forty-third 
aspects of the invention, the refractive index distributed 
thick film laminate is heated in the pressing step. 
[0209] According to the forty-fifth aspect of the 
present invention, a method of manufacturing a slab 
waveguide is provided which comprises: 

a refractive index distribution forming step of form- 
ing a refractive index distribution in a film-like slab 
blank by causing ions to move into and out of the 
film-like slab blank through upper and lower surfac- 
es of the film-like slab blank; and 
a columnar member forming step of forming holes 
in the film-like slabblank inwhich the refractive index 
distribution is formed, 

wherein a portion of the film-like slab blank func- 
tions as a slab, and each of portions corresponding to 
the holes functions as a columnar member. 
[0210] As is apparent from the foregoing, the present 
invention can provide a slab waveguide having substan- 
tially no coupling loss in coupling to an optical fiber and 
capable of satisfying single mode conditions, and a 
method of manufacturing the slab waveguide. 



40 Claims 

1. A slab waveguide comprising a two-dimensional 
crystal grating having columnar members having a 
refractive index different from the refractive index of 

45 a slab and two-dimensionally and periodically ar- 
ranged along a surface of the slab, wherein the re- 
fractive index of a slab refractive index portion other 
than said columnar members in the slab, the 
number, the shape and the refractive index of said 

so columnar members in the slab are selected so that 
when a beam of light entering the slab waveguide 
expands to a maximum extent, the size of the beam 
in the slab thickness direction does not exceed the 
slab thickness. 

55 

2. The slab waveguide according to claim 1 , wherein 
the refractive index of said slab refractive index por- 
tion in a direction perpendicular to the slab surface 
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is maximized at a predetermined portion other than 
end portions in the slab refractive index portion, and 
is not increased with the increase in distance from 
the predetermined portion. 

5 

3. The slab waveguide according to claim 2, wherein 
the refractive index of said slab refractive index por- 
tion in the direction perpendicular to the slab sur- 
face is distributed symmetrically about the prede- 
termined portion. 10 

4. The slab waveguide according to claim 3, wherein 
the refractive index of said slab refractive index por- 
tion in the direction perpendicular to the slab sur- 
face is reduced in accordance with a quadratic func- 15 
tion or a approximately quadratic function of the dis- 
tance from the predetermined portion. 

5. The slab waveguide according to claim 3, wherein 

the predetermined portion is a region of a predeter- 20 
mined length otherthan the end portions in said slab 
refractive index portion, and the refractive index of 
said slab refractive index portion in the direction 
perpendicular to the slab surface is substantially 
constant in the region having the predetermined 25 
length other than the end portions in said slab re- 
fractive index portion and is reduced in accordance 
with a quadratic function or a approximately quad- 
ratic function of the distance from an end of the re- 
gion having the predetermined length. 30 

6. The slab waveguide according to claim 4 or 5, 
wherein a refractive index distribution constant re- 
lating to the refractive index of the portion in which 

the refractive index is reduced in accordance with 35 
the quadratic function or the approximately quad- 
ratic function of the distance is 1 mm- 1 or greater. 

7. The slab waveguide according to claim 4 or 5, 
wherein a refractive index distribution constant re- 40 
lating to the refractive index of the portion in which 

the refractive index is reduced in accordance with 
the quadratic function or the approximately quad- 
ratic function of the distance is such a value that the 
total optical path length is defined by an optical in- 45 
teger multiple pitch of 0.5. 

8. The slab waveguide according to claim 4 or 5, 
wherein a refractive index distribution constant re- 
lating to the refractive index of the portion in which so 
the refractive index is reduced in accordance with 

the quadratic function or the approximately quad- 
ratic function of the distance is such a value that the 
sum of an incidence-side focal distance and an 
emergence-side focal distance of said slab refrac- 55 
tive index portion is equal to the length of a constit- 
uent unit formed by said slab refractive index por- 
tion and said columnar members. 



9. The slab waveguide according to claim 1 , wherein 
at least one of boundary surfaces between said slab 
refractive index portion and said columnar mem- 
bers has a curved surface. 

10. The slab waveguide according to claim 9, wherein 
the boundary surface between said slab refractive 
index portion and said columnar members has a 
curved surface in the thickness direction of the slab. 

11. The slab waveguide according to claim 9, wherein 
the boundary surface between said slab refractive 
index portion and said columnarmembers has aflat 
surface in a region having a predetermined length 
otherthan end portions in said slab refractive index 
portion, and has curved surfaces in the film thick- 
ness direction of the slab outside the region having 
a predetermined length. 

12. The slab waveguide according to claim 10 or 11, 
wherein the radius of curvature of the curved sur- 
face is such a value that the sum of an incidence- 
side focal distance and an emergence-side focal 
distance of said slab refractive index portion is 
equal to the length of a constituent unit formed by 
said slab refractive index portion and said columnar 
members. 

13. The slab waveguide according to claim 1 2, wherein 
the radius of curvature of the curved surface is such 
a value that the sum of an incidence-side focal dis- 
tance and an emergence-side focal distance of said 
slab refractive index portion are equal to each other. 

14. The slab waveguide according to claim 10 or 11, 
wherein the radius of curvature of the curved sur- 
face is 0.1 u.m or greater. 

15. A method of manufacturing a slab waveguide, com- 
prising a lamination step of forming a laminate by 
laminating a plurality of films differing in refractive 
index from each other and each having holes 
formed therein, while aligning the holes of the films, 

wherein a film portion of the laminate func- 
tions as a slab, and each of portions corresponding 
to the holes in the films functions as a columnar 
member. 

16. The method of manufacturing a slab waveguide ac- 
cording to claim 1 5, wherein one of the films having 
the highest refractive index is placed at a position 
otherthan end portions of the laminate, and the oth- 
er films are successively laminated outwardly from 
the position of the film having the highest refractive 
index in decreasing order of refractive index. 

17. The method of manufacturing a slab waveguide ac- 
cording to claim 15 , wherein said lamination step 
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includes irradiating a surface of each of the plurality 
of films with single-wavelength light applied perpen- 
dicular to the surface of the film when the film is lam- 
inated on the laminate, and aligning the position of 
the holes of the films in the film thickness direction 
by positioning the laminated film on the basis of in- 
terference light from the laminate. 

1 8. A method of manufacturing a slab waveguide, com- 
prising: 

a lamination step of forming a laminate by lam- 
inating a plurality of films differing in refractive 
index from each other; and 
a columnar member forming step of forming 
holes in the laminate formed in said lamination 
step, 

wherein a film portion of the laminate func- 
tions as a slab, and each of portions corresponding 
to the holes in the films functions as a columnar 
member. 

19. The method of manufacturing a slab waveguide ac- 
cording to claim 18, wherein said lamination step 
includes: 

a thick film laminate forming step of forming a 
refractive index distributed thick film laminate 
by laminating thick films differing in refractive 
index from each other in such a mannerthatthe 
refractive index is maximized in a portion other 
than end portions of the laminate; and 
a pressing step of pressing the refractive index 
distributed thick film laminate in the direction of 
lamination until the thickness of the refractive 
index distributed thick film laminate becomes 
equal to a desired thickness. 

20. The method of manufacturing a slab waveguide ac- 
cording to claim 19, wherein, in said pressing step, 
the refractive index distributed thick film laminate is 
weighted down by being pinched between two 
members having surfaces which are not parallel to 
each other at least in a restricted region. 

21 . The method of manufacturing a slab waveguide ac- 
cording to claim 20, wherein said two members 
comprise a first member having a horizontal flat sur- 
face, and a second member having a flat surface or 
a curved surface such that the distance from the flat 
surface of the first member changes monotonously 
with respectto a direction parallel to the flat surface 
of the first member. 

22. A method of manufacturing a slab waveguide, com- 
prising: 



a refractive index distribution forming step of 
forming a refractive index distribution in a film- 
like slab blank by causing ions to move into and 
out of the film-like slab blankthrough upper and 
5 lower surfaces of the film-like slab blank; and 

a columnar member forming step of forming 
holes in the film-like slab blank in which the re- 
fractive index distribution is formed, 

10 wherein a portion of the film-like slab blank 

functions as a slab, and each of portions corre- 
sponding to the holes functions as a columnar 
member. 
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Fig. 8(b) 
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Fig. II (a) 

REFRACTIVE INDEX DISTRIBUTED FILM MAKING PROCESS 
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Fig. 11 (b) 

VACANCY FORMING PROCESS 
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LINEAR-TYPE MULTICAST 



Fig. 18(b) 




RE FLECTION- TYPE MULTICAST 

Fig- 18(c) 




COUPLER- TYPE MULTICAST 
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Fig. 19(a) 




MULTILAYER SLAB WAVEGUIDE 



Fig. 19(b) 
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HYBRID WAVEGUIDE 
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Fig. 20(a) 
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PLACEMENT OF MASK 



Fig. 20(b) 
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TRACKING PROCESS 




ETCHING PROCESS 
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Fig, 21 (a) PRIOR ART 
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Fig. 21 (b) prior ART 
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Fig. 21 (C) PRIOR ART 
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F i g. 2 1 (d) prior ART 
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